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SUMMARY 

An  experimental  and  theoretical  program  has  been  performed  to  develop  a  database 
and  modeling  capabilities  to  relate  pyrolysis  and  soot  formation  to  the  properties 
of  the  fuel.  Tne  method  of  approach  to  studying  soot  formation  was  to  perform 
wel 1 -instrumented  studies  using  FT-IR  under  pyrolysis  conditions  where  variables 
such  as  temperature,  pressure,  reaction  time  and  hydrogen  or  oxygen  concentration 
were  varied  and  controlled.  The  problem  is  to  provide  fuel  specification,  fuel 
processing  strategies  and  combustion  design  concepts  to  reduce  soot,  but  which 
still  allow  utilization  of  readily  available  fuels.  While  many  trends  have  been 
established,  there  Is  no  accepted  model  for  soot  formation. 

Based  on  the  Phase  I  results,  it  appeared  that  the  "hydrogen  available  for  release" 
in  pyrolysis  controls  soot  production.  A  major  focus  of  the  program  was  to 
identify  how  this  parameter  can  be  measured,  the  mechanisms  by  which  it  affects 
soot  production  and  to  develop  methods  based  on  these  mechanisms  for  controlling 
soot. 

Key  accomplishments  in  this  program  were:  A  data  base  of  detailed  pyrolysis 
measurements  on  a  large  number  of  fuels,  including  several  high  density,  aromatic 
fuels  has  been  created.  Temperature  varied  from  800°C  to  1500°C,  pressures  from  1 
to  15  atm  and  residence  times  from  100  ms  to  1  sec.  A  key  conclusion  of  Task  I  was 
that  in  almost  all  cases  at  one  atmosphere  the  fuels  decomposed  to  form  a  limited 
number  of  small  species  prior  to  the  onset  of  sooting.  The  aliphatic  portion  of 
the  fuels  formed  Hp,  C^'s,  and  C2's.  The  aromatic  portion  of  the  fuels  formed 
benzene,  2-ring  and  possibly  3-rmg  aromatics.  This  is  a  significant  result  and 
justifies  our  approach  to  modeling  the  sooting  tendencies  of  complex  fuels  based  on 
a  limited  number  of  small  species. 


* 


The  measurements  of  radiance  for  these  fuels  showed  factors  of  two  or  three 
variation  for  comparable  amounts  of  soot.  The  causes  of  this  are  probably  due  to 
soot  age  (H/C  content)  which  would  change  the  optical  constants  for  the  soot,  or 
soot  particle  size.  This  observation  is  significant  for  heat  transfer  from  the 
soot  in  combustion,  and  for  its  impact  on  the  soot  signature  left  by  an  engine.  In 
all  cases,  we  found  that  the  addition  of  small  amounts  of  hydrogen  (as  Hp)  reduced 
the  soot  while  similar  amounts  of  Op  increased  it. 


In  Task  II,  a  factor  analysis  correlation  was  performed  which  showed  that  the 
complex  IR  spectra  of  the  hydrocarbon  could  be  characterized  by  a  few  factors 
which  could  be  used  to  predict  the  combustion  properties  of  the  fuels,  for 
example,  the  sooting  as  measured  in  Task  I,  or  the  smoke  point  as  measured  by 
standard  techniques. 


The  hydrocarbon  cracking  model  began  in  Phase  I  was  extended  using  a  modified  Rice- 
Kossiakoff-Herzfeld  (RKH)  mechanism.  This  model  predicts  the  decomposition  of  long 
chain  aliphatics  into  small  molecules,  (CpHp,  CpH^,  Hp).  A  soot  model  based  on 
published  free  radical  mechanisms  and  rates  was  implemented  on  AFR's  Sun  3/260 
workstation  and  used  to  predict  the  growth  of  the  soot  precursors  from  the  small 
molecules  produced. 
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A  heat  transfer  model  was  developed  to  provide  the  temperature-time  profiles 
required  by  both  models.  The  combination  of  these  models  can  predict  not  only  the 
soot,  but  also  the  intermediate  light  species  of  pyrolysis  (CpTs,  C3's,  C^s,  light 


aromatics)  to  within  a  factor  of  two. 
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Figure  1.  Schematic  of  Entrained  Flow  Reactor. 


Figure  2.  Schematic  Diagram  of  Hot  Injector. 

Figure  3.  FT-IR  Spectra  of  Pyrolysis  Gases  from  Beulah,  North  Dakota 
Lignite  at  1100°C.  a)  In-situ  Spectrum  and  b)  Room 
Temperature  Cell  Spectrum. 

Figure  4.  Spectra  of  Carbon  Monoxide  in  Furnace  at  950°C  and  20°C. 

Figure  5.  FT-IR  Spectrometer  with  External  Cell  or  Reactor. 

Figure  6.  Butane  +  CO2  Pyrolyzed  in  Nitrogen  in  the  Entrained  Flow 
Reactor  at  1573  K  with  66  cm  Reaction  Distance,  a)  100(1- 
Transmittance),  b)  Radiance  and  c)  Normalized  Radiance. 

Upper  Curves  in  c  (displaced  vertically  for  clarity)  is  for 
Dispersed  Soot).  All  other  Curves  are  for  Soot  at  Center  of 
Reactor. 

Figure  7.  Sample  Radiance  Computation,  a)  Background  and  Sample 
Emission,  b)  Instrument  Response  Function  for  Black-Body 
Emitter  and  c)  Sample  Radiance. 

Figure  8.  Schematic  of  Heated  Tube  Reactor. 

Figure  9.  Schematic  of  High  Pressure  Entrained  Flow  Reactor  System. 

Figure  10.  EGA/TGA  Block  Diagram. 

Figure  11.  Pyrolysis  Data  for  Tetralin  as  a  Function  of  Injector  Position  at 
1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 
"Other"  Includes  Raw  Fuel. 

Figure  12.  Pyrolysis  Data  for  Decalin  as  a  Function  of  Injector  Position  at 
1300°C.  The  Residence  Time  is  Approximately  10  ins  per  cm. 
"Other  Includes  Raw  Fuel. 

Figure  13.  Pyrolysis  Data  for  JP8X-2414  as  a  Function  of  Injector  Position 
at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 
"Other"  Includes  Raw  Fuel. 

Figure  14.  Pyrolysis  Data  for  JP8X-2383  as  a  Function  of  Injector  Position 
at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 
"Other"  Includes  Raw  Fuel. 

Figure  15.  Pyrolysis  Data  for  JP8X-2398  as  a  Function  of  Injector  Position 
at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 
"Other"  Includes  Raw  Fuel. 

Figure  16.  Pyrolysis  Data  for  JP8X-2429  as  a  Function  of  Injector  Position 
at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 
"Other"  Includes  Raw  Fuel. 

Figure  17.  Pyrolysis  Data  for  Butane  as  a  Function  of  Injector  Position  at 
1100°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 


Figure  18.  Pyrolysis  Data  for  Butane  as  a  Function  of  Injector  Position  at 

1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm.  32 

Figure  19.  Pyrolysis  Data  for  Butane  as  a  Function  of  Temperature  for  an 
Injector  Position  of  66  cm.  The  Residence  Time  is 
Approximately  700  ms.  33 

Figure  20.  Pyrolysis  Data  for  Butane  +  H2  as  a  Function  of  Injector 

Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms 
per  cm.  33 

Figure  21.  Pyrolysis  Data  for  '  jtane  +  02  as  a  Function  of  Injector 

Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms 
per  cm.  34 

Figure  22.  Pyrolysis  Data  for  Acetylene  as  a  Function  of  Injector  Position 
at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm. 

Note  that  the  Legends  and  Data  are  in  the  Opposite  Order.  34 

Figure  23.  Pyrolysis  Data  for  Acetylene  as  a  Function  of  Injector  Position 
at  1100°C.  The  Residence  Time  is  Approximately  10  ms  per 
cm.  35 

Figure  24.  Pyrolysis  Data  for  Acetylene  as  a  Function  of  Injector  Position 
at  1500°C.  The  Residence  Time  is  Approximately  10  ms  per 
cm.  35 


Figure  25.  Pyrolysis  Data  for  Benzene  as  a  Function  of  Injector  Position 

at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per  cm  36 

Figure  26.  Pyrolysis  Data  for  Dodecane  as  a  Function  of  Injector  Position 
at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 


cm.  36 

Figure  27.  In-Situ  1-Transmission  Experimental  Data  for  Tctralin  Taken 

During  Mass  Experiments  of  Fig.  11.  37 

Figure  28.  In-Situ  1-Transmission  Experimental  Data  for  Decalin  Taken 

During  Mass  Experiments  of  Fig.  12.  38 

Figure  29.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X-2414  Taken 

During  Mass  Experiments  of  Fig.  13.  39 

Figure  30.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X-2383  Taken 

During  Mass  Experiments  of  Fig.  14.  40 

Figure  31.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X-2398  Taken 

During  Mass  Experiments  of  Fig.  15.  42 

Figure  32.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X-2429  Taken 

During  Mass  Experiments  of  Fig.  16.  43 

Figure  33.  1 -Transmission  Spectra  for  Butane  Pyrolysis  (11 00°C)  a 

Variable  Reaction  Distances.  Spectra  are  Offset  for  Display 
Purposes.  This  Data  was  Taken  During  Experiments  of  Fig.  17.  45 


Figure  34.  1 -Transmission  Spectra  for  Butane  Pyrolysis  (1300°C)  at 

Variable  Reaction  Distances.  Spectra  are  Offset  for  Display 
Purposes,  a)  Butane+H2  Addition,  b)  Butane  and  c)  Butane+02 
Addition.  These  are  the  Same  Experimental  Runs  as  Shown  in 
Figs.  20,  18,  and  21,  Respectively. 

Figure  35.  In-Situ  Experimental  Data  for  Acetylene  as  a  Function  of 

Injector  Position.  This  is  for  the  "contaminated"  Experiments 
(see  text),  a)  1 -Transmission  and  b)  Emission. 

Figure  36.  In-Situ  1-Transmission  Experimental  Data  for  Tetralin  Taken 

During  Mass  Experiments  of  Fig.  26. 

Figure  37.  Fuel  UTRC-2A  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 
Distance  of  66  cm  Reaction  Distance  a)  1-T.  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  38.  Fuel  ER8LS-1  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 

c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  39.  Fuel  JP-7  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  40.  Fuel  JP-4  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  41.  Fuel  DF-2  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  42.  Fuel  AFAPL-6  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  43.  Fuel  AFAPL-2  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  44.  Fuel  ERBLS-2  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 

c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  45.  Fuel  UTRC-9A  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 
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Figure  46.  Fuel  XTB  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  47.  Fuel  BLS  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  48.  Fuel  Decalin  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 
Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  49.  Fuel  JET-A  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  50.  Fuel  JP-5  Pyrolyzed  in  he  Entrained  Flow  Reactor  for  a 

Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  51.  Fuel  JP8X-2414  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 
Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the 
Curves. 

Figure  52.  Fuel  JP8X-2383  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 
Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
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I.  INTRODUCTION 

The  objectives  of  this  program  are  to  develop  a  database  and  modeling 
capabilities  to  relate  pyrolysis  and  soot  formation  to  the  properties  of  the  fuel. 
The  method  of  approach  to  studying  soot  formation  is  to  perform  wel 1 -instrumented 
studies  under  pyrolysis  conditions  where  variables  such  as  temperature,  pressure, 
reaction  time  and  hydrogen  or  oxygen  concentration  can  be  varied  and  controlled. 
Pyrolysis  is  a  suitable  tool  for  investigating  the  sooting  because,  as  suggested  by 
many  investigators,  soot  growth  is  controlled  by  the  pyrolysis  rate  and  occurs  in 
the  pyrolysis  zone  of  flames.  The  experiments  at  zero  or  low  oxygen 
concentrations  allow  the  study  of  soot  growth  without  the  complication  of  soot 
precursor  destruction  or  the  consumption  of  hydrogen  by  oxidation.  Without  the 
complications  introduced  by  a  flame,  it  is  possible  to  perform  more  easily 
interpreted  experiments  to  study  chemical  reaction  pathways.  A  series  of  these 
experiments  has  been  performed  to  test  this  concept  that  soot  growth  occurs  via 
formation  of  thermodynamically  stable  intermediate  Poly-Aromatic  Hydrocarbons 
(PAH's).  In  particular,  we  have  tested  the  effect  of  hydrogen  concentration  on 
soot  formation  by  systematic  experiments  which  include  the  addition  of  hydrogen. 

The  method  of  approach  to  characterize  the  fuel  by  Fourier  Transform  Infrared 
(FT-IR)  is  a  useful  one  because  it  measures  the  functional  groups  present  in  the 
fuels,  as  opposed  to  the  more  customary  wet  chemical  techniques  which  just 
determine  the  fraction  of  aromatics,  olefins,  and  paraffins.  In  the  standard 
methods,  aliphatics  attached  to  aromatic  groups  are  reported  as  aromatic.  For  soot 
chemistry,  these  attached  groups  will  behave  as  aliphatics.  The  FT-IR  functional 
group  determinations  eliminate  this  problem  and  are  useful  because  from  this 
information  one  can  predict  the  initial  cracking  of  the  fuels  into  the  small 
fragments  which  are  important  for  soot  formation. 

The  original  proposal  included  tasks  for  vaporization  and  droplet  studies  with 
characterization  of  multi-component  fuel  sprays,  but  the  mul ti -component  spray 
studies  were  eliminated  in  the  original  contract  and  the  droplet  vaporization  was 
replaced  by  prevaporized  fuel  in  the  contract  redirection.  This  report  describes 
the  Phase  II  study  which  addressed  the  above  objectives  in  four  tasks  (numbered  I, 
II,  IV  and  V  to  agree  with  the  numbering  in  the  proposal  and  contract  documents). 

The  remainder  of  this  section  provides  a  summary  of  the  program.  This 
includes  a  description  of  the  problems  being  addressed,  the  methodology  used  to 
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approach  these  problems,  and  a  summary  of  the  goals  and  accomplishments  of  this 
program. 

Section  II  presents  a  description  of  the  experimental  facilities  and 
procedures.  Section  III  presents  the  detailed  results  by  task,  and  Section  IV 
presents  the  results,  conclusions,  and  recommendations. 


Objective 


An  important  Air  Force  objective  is  to  develop  technology  to  allow  the 
utilization  of  aviation  fuels  with  a  broader  range  of  properties  including  lower 
hydrogen  content  and  higher  aromaticity.  Such  fuels,  will  be  increasingly 
important  as  the  sources  shift  to  heavier  petroleum,  oil  shale,  tar  sands,  and  coal 
derived  fuels.  The  combustion  of  such  fuels  adds  substantial  complexities  to  fuel 
volatilization  and  pyrolysis,  and  increases  the  potential  for  higher  radiative 
emission  from  soot,  reducing  the  useful  life  of  turbine  combustors.  Also,  the 
smoke  emitted  from  an  engine,  resulting  from  unburned  soot,  is  both  a  pollutant 
and  a  problem  due  to  increased  visibility  for  detecting  and  targeting  of  military 
ai rcraft. 


Current  research  suggests  that  the  sooting  potential  of  an  aircraft  fuel 
increases  with  decrease  in  hydrogen  or  alternatively,  increases  with  increasing 
aromatic  content.  The  problem  is,  therefore,  to  provide  fuel  specification,  fuel 
processing  strategies  and  combustion  design  concepts  to  reduce  soot,  but  which 
still  allow  utilization  of  readily  available  fuels.  While  many  trends  have  been 
established,  there  is  no  accepted  model  for  soot  formation. 


The  objectives  of  this  program  are  to  develop  a  database  and  modeling 
capabilities  to  relate  pyrolysis  and  soot  formation  to  the  properties  of  the  fuel 
and  combustion  conditions.  It  is  soot  generation  and  its  radiation  which  appears 
to  be  the  major  problem.  Based  on  the  Phase  I  results,  it  appeared  that  the 
"hydrogen  available  for  release"  in  pyrolysis  controls  soot  production.  A  major 
focus  of  the  program  is  to  identify  how  this  parameter  can  be  measured,  the 
mechanisms  by  which  it  affects  soot  production  and  methods  based  on  these 
mechanisms  for  controlling  soot. 

Task  I  addressed  the  mechanistic  studies  of  pyrolysis  and  soot  formation,  and 
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was  the  main  experimental  task.  In  this  task,  data  were  obtained  on  37 
hydrocarbon  fuels.  The  data  include  complete  mass  balances,  and  full 
emission/transmission  spectra  (500  cm"l  to  6500  cm“l)  for  several  temperatures 
(1I00°C  to  1500°C)  and  for  various  pyrolysis  times  (100  ms  to  700  ms).  The  mass 
balance  experiments  determine  the  light  species  (C2H2,  C2H4,  CH4,  paraffins, 
olefins)  by  FT-IR,  H2,  benzene,  and  heavier  hydrocarbons  by  GC,  and  tar  and  soot 
gravimetrical ly.  Several  of  the  experiments  were  performed  with  added  H2  or  O2. 

The  data  base  also  includes  room  temperature  liquid  characterization  by  FT-IR. 

The  fuels  analyzed  included  the  25  fuels  from  a  NASA  study  provided  by  the  Air 
Force,  plus  the  four  JP8X's,  also  provided  by  the  Air  Force.  The  25  fuels  from 
NASA  were  selected  and  blended  by  NASA  and  UTRC  to  provide  a  range  of  naphthalene, 
hydrogen,  and  total  aromatic  content.  In  addition,  pure  hydrocarbons  (benzene, 
butane,  acetylene,  and  dodecane)  were  included. 

Task  II  was  the  study  of  the  characterization  of  the  fuel  using  the  FT-IR 
spectra  of  the  liquid  fuels  and  included  extensive  correlations  of  the  spectral 
features  with  the  sooting  behavior  measured  in  Task  I  as  well  as  correlation  with 
literature  data. 

Task  IV  addressed  the  development  of  a  general  fuel  pyrolysis  model  to 
correlate  pyrolysis  behavior  with  fuel  properties.  The  model  includes  three 
submodels:  a  hydrocarbon  cracking  model,  a  soot  production  model,  and  a  heat 
transfer  model  which  provides  the  time-temperature  profiles  required  by  the 
chemistry  submodels. 

Task  V  studied  the  effect  of  pressure  on  the  pyrolysis  of  several  of  the 
fuels. 

Resul ts 

•  A  data  base  of  detailed  pyrolysis  measurements  on  a  large  number  of 
fuels,  including  several  high  density,  aromatic  fuels  has  been  created. 
Temperature  varied  from  800°C  to  1500°C,  pressures  from  1  to  15  atm  and 
residence  times  from  100  ms  to  1  sec. 

•  A  key  conclusion  of  Task  I  is  that  in  almost  all  cases  at  one  atmosphere 
the  fuels  have  decomposed  to  form  a  limited  number  of  small  species 
prior  to  the  onset  of  sooting.  The  aliphatic  portion  of  the  fuels  formed 


H2,  Ci's,  and  C2‘s.  The  aromatic  portion  of  the  fuels  formed  benzene, 
2-ring  and  possibly  3-ring  aromatics.  This  is  a  significant  result  and 
justifies  our  approach  to  modeling  the  sooting  tendencies  of  complex 
fuels  based  on  a  limited  number  of  small  species,  since  the  fuels  all 
crack  to  these  starting  fragments  prior  to  soot  formation. 

•  The  measurements  of  radiance  for  these  fuels  show  factors  of  two  or 
three  variation  for  comparable  amounts  of  soot.  The  causes  of  this  are 
probably  due  to  soot  age  (H/C  content)  which  would  change  the  optical 
constants  for  the  soot  or  soot  particle  size.  This  observation  is 
significant  for  heat  transfer  from  the  soot  in  combustion,  and  for  its 
impact  on  the  soot  signature  left  by  an  engine. 

•  In  all  cases,  we  find  that  the  addition  of  small  amounts  of  hydrogen  (as 
H2)  reduces  the  soot  while  similar  amounts  of  O2  increase  it.  This  again 
has  significance  for  the  soot  signature  of  a  jet  engine.  One  can  imagine 
adding  a  pulse  of  H2  to  reduce  the  IR  signature  under  emergency 
conditions. 

•  In  Task  II,  a  factor  analysis  correlation  was  performed  which  shows  that 
the  complex  IR  spectra  of  the  hydrocarbon  can  be  characterized  by  a  few 
(10)  factors  which  can  reproduce  the  spectra  to  within  5%.  Secondly, 
these  factors  can  be  used  to  predict  the  combustion  properties  of  the 
fuels,  in  particular  the  sooting  as  measured  in  Task  I,  or  the  smoke 
point  as  measured  by  standard  techniques. 

•  The  hydrocarbon  cracking  model  began  in  Phase  I  was  extended  using  a 
modified  Rice-Kossiakoff-Herzfeld  (RKH)  mechanism.  This  model  predicts 
the  decomposition  of  long  chain  aliphatics  into  small  molecules,  (C2H2, 

c2h4,  h2). 

•  A  soot  model  based  on  published  free  radical  mechanisms  and  rates  was 
implemented  on  AFR's  Sun  3/260  workstation  and  used  to  predict  the  growth 
of  the  soot  precursors  from  the  small  molecules  produced. 

•  A  heat  transfer  model  was  developed  to  provide  the  temperature-time 
profiles  required  by  both  models. 

•  The  combination  of  these  models  can  predict  not  only  the  soot,  but  also 
the  intermediate  light  species  of  pyrolysis  (C2's,  03*5,  C4's,  light 
aromatics)  to  within  a  factor  of  two. 
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II.  EXPERIMENTAL 


The  objective  of  Task  I,  Mechanistic  Studies  of  Pyrolysis,  Combustion,  and 
Soot  Production,  was  to  measure  and  develop  an  understanding  of  the  pyrolysis, 
combustion  and  soot  production  from  a  variety  of  liquid  fuels.  The  main 
experimental  facility  used  was  AFR's  entrained  flow  reactor  (EFR).  The  fuel 
injection  system  was  modified  to  provide  fuel  in  vapor  form.  The  fuels  and 

products  were  analyzed  using  a  variety  of  techniques  including  Fourier  Transform 
Infrared  Spectroscopy  (FT-IR),  GC,  Field  Ionization  Mass  Spectroscopy  (FIMS),  and 
AFR's  Evolved  Gas/Thermogravimetric  Analyzer  (EGA/TGA).  In  this  section,  we 
describe  the  experimental  facilities  used.  The  experimental  results  will  be 
presented  in  Section  III,  Task  I. 

Entrained  Flow  Reactor 

The  entrained  flow  reactor  is  shown  in  Fig.  1.  It  employs  a  Nicolet  7199  FT- 
IR  for  in-situ  analysis  of  gas  species  and  gas  temperature  and  quantitative 
analysis  of  the  gas  composition  after  cooling.  To  operate  the  reactor,  a  gas 
stream  of  predetermined  composition  is  heated  during  transit  through  the  heat 
exchanger  (maintained  at  furnace  temperature).  The  gas  stream  then  turns  through 
the  U-tube  and  enters  a  5  cm  diameter  test  section,  maintained  at  the  furnace 
temperature.  Fuel  was  introduced  into  the  test  section  at  variable  positions 
through  a  movable  heated  injector  which  allows  samples  to  be  injected  at  any 
position  along  the  center  line  of  a  75  cm  long,  50.8  mm  i.d.  hot  alumina  tube  in 
which  the  preheated  gas  is  flowing.  There  is  a  continuous  drop  in  temperature  over 
the  bottom  35  cm  which  was  designed  for  optical  access,  and  does  not  receive  direct 
radiation  from  the  elements.  Details  of  the  temperature  profiles  are  presented 
with  the  modeling  results  (see  Figs.  72-74).  After  a  variable  residence  time,  the 
reacting  stream  passes  optical  access  ports  and  immediately  downstream,  is  quenched 
in  a  water  cooled  collector.  Two  optical  access  ports  are  employed  for  the  FT-IR 
beam. 

The  hot  injector  is  shown  in  Fig.  2.  It  consists  of  a  liquid  jacketed 
moveable  injector,  with  a  pump  to  circulate  the  coolant  (Dow  Therm  A)  through  the 
injector.  The  fluid  reservoir  is  thermostatically  controlled  with  heating  tapes 
and  a  water-cooled  coil.  The  coolant  through  the  injector  can  be  switched  to  water 
in  the  event  of  pump  failure  in  order  to  protect  the  injector.  During  experimental 
runs,  the  injector  tip  is  maintained  at  approximately  250°C  as  measured  with  a 
thermocouple.  This  is  sufficient  to  vaporize  most  of  the  fuels. 


The  fuel  injection  system  consists  of  a  syringe  pump  connected  to  the  moveable 
injector  by  flexible  stainless  steel  hypo  tubing  (0.032"  I.D.).  The  tip  of  the 
injector  is  a  short  piece  of  small  (0.010"  dia)  hypo  tubing  which  is  small  enough 
to  prevent  dripping  when  the  pump  is  shut  off. 

The  hot  injector  position  was  positioned  daily  in  order  to  ensure  that  the 
infrared  beam  would  see  the  center  of  the  soot  stream  in  the  reactor  (i.e.  maximum 
beam  blockage).  This  was  done  by  moving  the  injector  radially  while  a  standard 
fuel  (ERBS)  flowed  into  the  reactor,  and  observing  the  IR  beam  intensity. 

Fuel  flow  rates  were  maintained  at  1.2  ml/min.  The  fuel  was  filtered  before 
use  to  prevent  particulate  contaminants  from  plugging  the  small  i.d.  hypotubing 
used  for  sample  delivery.  Bubbling  nitrogen  through  the  fuel  in  order  to  remove 
dissolved  oxygen  or  other  gases  seemed  not  to  make  a  difference  in  experimental 
results.  Therefore,  this  practice,  which  had  been  maintained  through  the  mass 
balance  experiments,  was  discontinued  for  the  emission/transmission  experiments. 

The  sample  collection  and  analysis  system  consists  of  a  water-cooled 
extractor,  to  quench  the  reactions,  which  feeds  a  100  liter  polyethylene  bag 
through  a  cyclone  which  removes  particles  larger  than  5  /4m.  This  bag  is  large 
enough  to  hold  the  full  exhaust  of  the  reactor  during  a  3  minute  experimental  run, 
and  serves  to  smooth  out  any  fluctuations  in  the  fuel  feed  rate.  The  volume  of  the 
bag  is  measured  at  the  end  of  the  run,  a  sample  of  gas  is  extracted  into  the  FTIR 
cell  for  gas  analysis;  another  sample  is  extracted  for  GC  analysis  to  determine  H2, 
benzene,  and  some  of  the  heavier  aliphatics.  The  bag  is  then  evacuated  through  a 
Balston  filter,  to  collect  any  entrained  tars  or  soot.  The  weight  gains  of  the 
bag,  the  aluminum  foil  liner  of  the  bag  holder  and  the  filter  are  measured  and 
reported  as  tar.  The  extractor,  the  cyclone,  and  the  associated  plumbing  are 
rinsed  with  acetone,  and  the  products  filtered  and  dried.  The  solids  in  the  filter 
are  reported  as  soot  (or  char)  and  the  acetone-soluble  fraction  is  reported  as  tar. 
Mass  balances  are  usually  between  90  to  110%  of  the  input  fuel. 

The  FT-IR  allows  data  to  be  obtained  on  gas  composition  and  temperature  as 
previously  discussed  by  us  (1,2)  and  others  (3-5). 

Figure  3  compares  the  spectra  from  the  in-situ  analysis  and  room  temperature 
gas  cell  analysis  for  the  furnace  at  1100°C.  In  transmission  measurements, 
radiation  from  a  globar  source  passes  through  the  interferometer  before  traversing 
the  reactor  to  the  detector.  In  passage  through  the  interferometer  the  radiation 
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Figure  3.  FT-IR  Spectra  of  Pyrolysis  Gases  from  Beulah,  North 
Dakota  Lignite  at  1100°C.  a)  In-situ  Spectrum  and  b)  Room 
Temperature  Cell  Spectrum. 
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Figure  4.  Spectra  of  Carbon  Monoxide  in  Furnace  at  950°C  and 


is  amplitude  modulated  as  a  function  of  wavelength,  and  it  is  only  modulated 
radiation  that  is  detected.  In  this  way  the  transmission  experiment  measures  the 
extinction,  independent  of  emission  from  the  furnace.  Easily  seen  in  the  hot 
spectrum  are  CO,  H2O,  CH4,  and  heavy  paraffins.  The  lower  noise  of  the  room 

temperature  spectrum  permits  the  measurement  of  additional  species  including  02^. 
^2H4»  C2H6.  C3H6,  HCN,  NH3,  COS,  CS2,  SO2,  and  heavy  paraffins.  This  spectrum  is 
used  for  quantitative  analysis.  A  typical  gas  analysis  together  with  the  yield  of 
solids  and  liquids  is  presented  in  Table  1. 

The  relative  intensities  of  the  hot  CO  absorption  lines  can  be  used  for 
measuring  gas  temperature  (1).  Figure  4  compares  the  in-situ  CO  spectra  at 
measured  furnace  temperatures  of  20°C  and  950°C;  the  calculated  temperatures  from 
line  intensities  are  30°C  and  1050°C. 

Temperatures  and  Soot  Concentrations  by  FT-IR  Emission/Transmission  (E/T) 
Spectroscopy 

Introduction 

In  investigating  the  behavior  of  combusting  systems,  it  is  desirable  to  have 
non-intrusive  techniques  to  monitor  the  composition,  physical  properties  and 
temperature  of  the  various  phases  (gas,  soot  particles,  droplets,  aerosols,  coal, 
char,  and  fly  ash)  present.  Laser  spectroscopic  and  scattering  techniques,  as  well 
as  other  optical  diagnostics  have  been  developed  for  gas  species  concentration,  gas 
temperature  and  particle  properties.  Many  of  these  techniques  were  recently 
reviewed  by  Penner,  et  al .  (6,7)  and  Hardesty  (8).  Advances  in  optical  emission 
techniques  to  measure  size,  velocity,  and  temperature  of  single  particles  have 
also  been  reported  (9,10). 

Among  the  methods  which  have  been  employed,  Fourier  Transform  Infrared  (FT-IR) 
Spectroscopy  has  shown  promise  as  a  versatile  technique.  In  addition  to  the  FT-IR 
Transmission  Spectroscopy  discussed  above  to  determine  both  gas  concentrations 
and  temperatures,  we  have  recently  implemented  an  infrared  emission/transmission 
(E/T)  technique,  (a  method  previously  applied  to  gases  (11-13)  and  soot  particles 
(14)  using  dispersive  infrared)  using  the  FT-IR  spectrometer.  The  full  description 
for  gases  and  soot  are  presented  in  Ref.  15. 


FT-IR  Instrument  -  The  apparatus  employed  in  the  experiments  consists  of  a 
FT-IR  spectrometer  coupled  to  the  entrained  flow  reactor,  such  that  the  FT-IR  beam 
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passes  through  the  sample  as  shown  in  Fig.  5.  Depending  on  the  geometry  of  the 
sample  stream,  either  focused  or  parallel  optics  were  used  as  the  beam  passed 
through  the  sample.  Figure  5  shows  the  arrangement  for  focus  optics.  The  EFR  uses 
focussed  optics.  Emission  measurements  are  made  with  the  movable  mirror  (see  Fig. 
5)  in  place.  Transmission  measurements  are  made  with  the  movable  mirror  removed. 
The  emission  and  transmission  can  be  measured  for  the  same  sample  volume.  In  an 
ideal  emission-transmission  experiment,  both  measurements  would  be  made 
simultaneously.  In  our  case  the  emission  and  transmission  measurements  are  made 
sequentially  in  time  along  the  same  optical  path,  for  a  sample  flowing  in  a 
nominally  steady  condition.  The  technique  is  rapid;  a  low  noise  emission  or 
transmission  spectrum  at  low  resolution  (4  cm"l)  can  be  recorded  in  under  a  second. 
Also,  the  radiation  is  amplitude  modulated  by  the  interferometer,  and  only  such 
radiation  is  detected.  Because  of  its  unmodulated  nature,  the  emission  passing 
directly  to  the  detector  does  not  interfere  with  the  measurements  of  transmission, 
provided  saturation  of  the  detector  is  avoided.  Care  must  also  be  exercised  to 
insure  that  emission  from  the  sample  incident  on  the  interferometer  is  not 
scattered  back  to  the  transmission  detector. 

Theoretical  Background 

For  multi-phase  reacting  systems,  measurements  are  made  of  the  transmittance 
and  the  radiance,  and  from  these,  a  quantity  called  the  normalized  radiance  is 
calculated.  The  analysis  which  follows  Siegel  and  Howell  (16)  has  been  presented 
previously  (17).  The  relevant  equations  for  a  homogeneous  medium  are  presented 
bel ow. 

Transmittance,  'J'y  -  The  transmittance  ,  is  defined  in  the  usual  manner, 

%  =  Iy  / I0y  ,  (  1  ) 

where  IQV  is  the  intensity  transmitted  in  the  absence  of  a  sample  stream,  while  Iy 
is  that  transmitted  with  the  sample  stream  in  place.  For  a  medium  containing 
gases  and  soot  particles  with  absorption  coefficients  n  and  respectively, 

the  transmittance  can  be  expressed  as 

exp  (-(c*£  +  «*.£)  L) 

where  L  is  the  path  length.  Tyis  sometimes  plotted  as  a  percent. 


(2) 
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Figure  5.  FT-IR  Spectrometer  with  External  Cell  or  Reactor 


Radiance,  Ry  -  To  determine  the  sample  radiance  Ry  ,  the  radiative  power 
emitted  and  scattered  by  the  sample  is  measured,  and  the  background  subtracted  to 
obtain,  Sy  .  This  is  then  converted  to  the  sample  radiance, 

Rv  =  Sy  /Wv  (3) 

where  Wy  is  the  instrument  response  function  measured  using  a  black-body  cavity. 

We  can  also  express  Ry  in  terms  of  properties  of  the  constituent  phases  of  the 
sample,  where  it  is  given  by  (16,17) 

+  <*|R^(Tg)]  '[l-exp(-(d  s^  +  ^,\ 

Rv  -  - 

where  R^(Tg)  and  Rj>(Ts)  are  the  Planck  black-body  functions  at  the  temperatures  of 
the  gas  and  soot,  respectively.  In  deriving  this  expression  we  have  assumed  no 
scattering  for  soot  particles  in  the  IR  region. 

Normalized  Radiance,  R*}  -  The  normalized  radiance,  R£  ,  is  defined  as 

r£,=  Rj,  /  (i-T^).  (5) 

From  Eqs .  (2)  and  (4),  the  normalized  radiance  is 

c#4(Ts)  +  c^Og) 

r;= - 

+  (6) 

Soot  Under  Pyrolysis  Conditions  -  This  section  considers  the  case  of  mixtures 
of  soot  particles  and  gases.  In  the  simplest  case,  soot  particles  were  formed  by 
the  pyrolysis  of  butane  in  nitrogen  in  the  entrained  flow  reactor  at  1573  K.  For 
one  case,  the  butane  was  confined  to  the  center  of  the  reactor,  for  the  second,  it 
was  dispersed  more  uniformly  across  the  reactor.  Figure  6  showsTy,  Ry  and  Rjj,  for 
the  first  case.  The  transmittance  spectrum  shows  a  sloping  continuum,  typical  of 
soot  particles,  with  the  absorption  bands  for  gases,  mainly  CO2,  acetylene, 
methane,  ethylene  and  PAH's,  superimposed  on  the  continuum.  From  Eq.  (2) 

Tv=  exp(-(<4+  <*£)!_),  where  <4  is  proportional  to  the  volume  fraction  of  soot 
particles. 


Wavenumbers 

Figure  6.  Butane  +  C02  Pyrolyzed  in  Nitrogen  in  the  Entrained  Flow 
Reactor  at  1573  K  with  66  cm  Reaction  Distance,  a)  100(1- 
Transmittance),  b)  Radiance  and  c)  Normalized  Radiance.  Upper 
Curves  in  c  (displaced  vertically  for  clarity)  is  for  Dispersed  Soot). 

All  other  Curves  are  for  Soot  at  Center  of  Reactor. 


The  soot  temperature  is  determined  from  the  measured  spectrum,  Rj^,  Fig.  6c 
(lower  curve).  In  regions  where  *4  is  zero,  R&  *  R$(  Ts).  A  theoretical  black 
body  curve  for  Ts  =  1200  K.  yields  the  best  match  to  the  experimental  curve  in  both 
spectral  shape  and  amplitude  In  the  regions  away  from  the  gas  bands.  The 
uncertainty  in  determining  RJJ,  is  typically  within  +j>%.  At  1200  K  this  results  in 
+30  K  uncertainty  in  temperature. 

Both  shape  and  amplitude  will  fit  precisely  only  if  there  is  no  variation  in 
temperature  over  the  optical  path.  If  such  a  variation  exists,  the  spectral  shape 
can  be  matched  with  that  of  a  theoretical  black  body  curve,  but  at  some  fraction  of 
the  theoretical  amplitude.  Fitting  the  shape  alone  will  give  an  average 

temperature.  We  have  therefore  fit  the  shape  alone  in  a  separate  determination  for 
a  temperature  of  1230  K.  In  this  case,  the  two  approaches  agree  to  within  30  K. 

According  to  Eq.  (6),  if  Tg  and  Ts  were  equal,  would  equal  over  the 

whole  spectrum.  This  is  not  the  case,  most  clearly  for  the  CO2  which  appears  to  be 
at  a  higher  temperature  than  the  soot.  To  obtain  the  gas  temperature  once  Ts  is 
known,  Eq.  (6)  can  be  rearranged  to  give, 

R&(Tg)  =  R!J  +  (RO  -  R$(Ts))(o(S/o<g)  (7) 

Since  the  right  hand  side  of  Eq.  (7)  is  known,  Tg  can  be  obtained.  The  gas 
temperature  is  determined  to  be  1300  K  from  the  CO2  band  at  2300  cm"l,  in  good 
agreement  with  the  suction  pyrometer  measurement  of  1295  K.  The  difference 
between  the  soot  and  gas  temperatures  is  believed  to  be  due  to  the  radial 
distribution  of  soot  and  CO2  in  the  reactor.  The  soot,  which  is  concentrated  along 
the  center  line  of  the  reactor  is  70  K  lower  than  the  average  gas  temperature.  To 
confirm  this  hypothesis,  a  second  experiment  was  performed  in  which  the  butane  was 
dispersed  throughout  the  reactor  tube.  The  results  are  shown  in  Fig.  6c  (upper 
curve)  which  has  been  displaced  vertically.  The  average  soot  and  CO2  temperature 
is  1280  K,  in  much  better  agreement  with  the  suction  pyrometer  (1295  K).  The 
narrow  dip  observed  in  the  spectrum  is  an  artifact  due  to  room  temperature  CO2  in 
the  optical  paths. 

Measurements 

For  spectral  regions  away  from  the  gas  lines  so  that  ot ^  =  0  Eq.  (2)  becomes 

Ts  -  exp  (  -  L  )  (2a) 
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and  Eq.  (4)  becomes  i$(Ts)*( 1-Ty) .  Thus  the  radiance  spectrum  is  very  simply 
related  to  the  transmission  spectrum,  and  either  one  can  be  used  as  a  measure  of 
With  the  assumption  that  the  extinction  coefficient  L  is  small,  we  can 
expand  Eq.  (2a)  to 

Tv*  L 

or 

ot  s  L  =  1-TV  (2b) 

This  is  typically  done  on  our  analyses. 

The  assumption  that  the  scattering  is  small  (used  in  deriving  Eq.  (2))  implies 
that  we  are  in  the  Rayleigh  limit  where  extinction  coefficient,  is  proportional 
to  the  volume  fraction  of  the  particle  times  l/>.  The  "constant"  of 
proportionality  depends  on  the  optical  constants  of  the  soot.  For  the  wavelength 
region  we  use  in  our  spectroscopy  (1.5>*m  to  20>|m),  we  should  be  in  the  small 
particle  regime  for  particles  less  than  0.3^m,  which  should  be  characterized  by  a 
straight  plot  of  1-Tvvs  l/^  .  For  particles  at  the  high  end  of  this  size  range, 
the  optical  constants  will  be  independent  of  particle  size,  and  we  can  compute  a 
soot  volume  fraction  from  (1-  Tv)  and  a  knowledge  of  the  optical  constants.  For 
very  small  particles,  the  optical  constants  may  not  be  constant.  This  could  be  the 
case  for  very  young  soot  (a  few  hundred  angstroms  in  diameter)  or  PAH's,  where  the 
optical  properties  are  just  developing.  This  could  result  in  1-T*  spectra  which 
are  not  linear  in  l/>  .  The  relatively  straight  line  in  Fig.  6a  is  typical  of  the 
data  we  see  for  all  of  the  fuels. 

The  procedure  for  obtaining  emission/transmission  data  (1)  is  similar  to  that 
for  the  mass  balance  runs  except  that  the  products  were  usually  not  collected.  To 
determine  the  soot  concentrations  (and  temperatures)  from  the  E/T  experiments,  the 
following  experimental  procedure  was  used:  1)  Background  transmission  scans  (I0  in 
Eq.  (1))  are  taken  before  and  after  the  sample  transmission  scan  ( Lyi n  Eq.  (1)). 
These  background  scans  are  averaged  in  the  computation  of  the  transmittance.  2) 

The  mirror  (Fig.  5)  is  switched  to  emission  mode  and  a  background  emission  spectrum 
is  taken  to  measure  background  gases  in  the  furnace  (Fig.  7a)  followed  by  the 
measurement  of  the  emission  with  the  fuel  flowing  (Fig.  7b).  The  background 
emission  is  subtracted  from  the  sample  emission,  and  the  difference  divided  by  the 
instrument  response  function  (Fig.  7c)  to  obtain  the  sample  radiance  (Fig.  7d  and 
Eq.  (3)).  The  instrument  response  function  was  measured  using  a  hot  oxidized  rod 
in  the  reactor  as  a  reference  black-body.  3)  Finally,  the  1-T  curve  is  divided  by 
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Figure  7.  Sample  Radiance  Computation,  a)  Background  and 
Sample  Emission,  b)  Instrument  Response  Function  for  Black-Body 
Emitter  and  c)  Sample  Radiance. 
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the  sample  radiance  (Eq.  (5))  to  obtain  the  normalized  radiance.  For  the  purpose 
of  the  experiments  reported  here,  the  normalized  radiance  (which  should  be  a  black- 
body  curve  at  the  temperatures  of  the  soot  (Eq.  (7))  was  used  as  a  consistency 
check  on  the  radiance  and  transmission  data. 


Heated  Tube  Reactor 


The  heated  tube  reactor  is  illustrated  in  Fig.  8.  It  consists  of  a  5.08  mm 
ID  Inconel  702  tube  which  is  heated  electrically.  Fuel,  entrained  in  cold  carrier 
gas,  is  injected  at  the  top  of  the  tube.  The  fuel -gas  mixture  enters  the  heated 
section  of  the  tube  and  heats  rapidly.  The  heat  transfer  rate  is  large  because  of 
the  small  tube  diameter,  the  high  thermal  conductivity  and  low  heat  capacity  of  the 
helium  carrier  gas,  and  the  fact  that  the  particles  collide  with  the  hot  walls  of 
the  tube.  After  a  variable  residence  time,  the  reacting  stream  is  either  ejected 
from  the  tube  end  for  temperature  and  velocity  measurements,  or  is  quenched  in  a 
water  cooled  section  of  the  tube  for  mass  balance  measurements.  The  product 
collection  train  is  the  same  as  for  the  EFR.  The  heated  tube  reactor  can  be  used 
at  temperatures  up  to  800°C  and  20  atmospheres,  and  was  used  for  the  pressure 
experiments  in  Task  V. 


High  Pressure  Reactor 


To  study  the  variation  of  pyrolysis  behavior  of  hydrocarbons  with  pressure,  a 
high  pressure  version  of  the  EFR  was  made  available  to  this  program.  Maximum 
specifications  are:  temperatures  up  to  1650°C,  pressures  up  to  600  psig,  5  second 
residence  times  and  0.6  lbs/hr  fuel  throughput.  We  used  this  reactor  for  this 
program,  but  the  initial  results  on  6  fuels  were  not  useful. 


The  reactor  design  is  illustrated  in  Fig.  9.  The  furnace  consists  of  a  high 
pressure  shell  (capable  of  containing  pressures  up  to  600  psig),  a  thick  layer  of 
insulation  and  a  high  temperature  region  heated  by  Kanthal  Super  33  electrical 
heating  elements.  The  high  temperature  section  (capable  of  temperatures  up  to 
1650°C)  contains  an  alumina  bed  heat  exchanger  and  a  test  section.  The  ambient  gas 
enters  the  furnace  through  the  heat  exchanger  to  bring  it  up  to  furnace  temperature 
and  then  turns  downward  into  the  test  section.  Fuel  is  injected  at  a  fixed  point 
at  the  top  of  the  test  section  using  a  water  cooled  injector.  It  mixes  with  the 
ambient  gas  and,  after  a  fixed  distance,  enters  a  water-cooled  collector.  The 
reaction  products  then  enter  a  cyclone  to  separate  char,  followed  by  a  filter  to 
remove  tar  and  soot.  The  gas  stream  is  reduced  in  pressure  and  collected  in  a 
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Figure  8.  Schematic  of  Heated  Tube  Reactor. 
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holding  tank.  The  tank  is  a  steel  tank  with  glass-lined  walls  which  is  used  to 
collect  the  total  gaseous  effluent  from  the  reactor  system  during  a  typical  run. 

It  is  initially  evacuated  and,  during  a  run,  the  pressure  gradually  increases  as  it 
fills.  After  an  experiment,  a  sample  is  taken  from  the  tank  and  analyzed  in  an 
FT-IR  cel  1  and  a  GC. 

The  gas  supply  to  the  reactor  is  from  a  bank  of  high  pressure  cylinders 
connected  by  a  manifold.  The  high  pressure  in  the  cylinders  (  2500  psi)  is 

reduced  down  to  the  working  pressures  (10-200  psi)  via  a  two-stage  regulator.  The 
gas  supply  is  split  into  a  carrier  stream  for  the  feed  system  and  a  main  gas  stream 
for  the  reactor.  An  electronic  mass  flow  meter  (MFM)  is  used  to  monitor  the  main 
gas  flow  into  the  reactor  system.  An  electronic  mass  flow  controller  (MFC) 
downstream  of  the  reactor  is  used  to  maintain  a  constant  mass  flow  of  gas  through 
the  system  under  stable  reactor  conditions. 

For  the  liquid  fuels  in  this  program,  no  useful  results  were  obtained.  In 
several  test  experiments  in  the  HPR,  the  mass  balance  was  poor,  presumably  due  to 
loss  of  soot,  tar,  and  liquid  fuel  (condensibles)  in  the  cooler  outer  shell  of  the 
HPR.  Even  with  butane  there  was  too  much  missing  mass.  As  a  result  the  only 
pressure  results  are  those  obtained  in  the  HTR. 

TGA/FTIR 

The  thermogravimetric  analyzer/FTIR  (TGA/FTIR),  illustrated  in  Fig.  10, 
consists  of  a  sample  suspended  from  a  balance  in  a  programmable  furnace  (18).  The 
evolved  products  are  swept  into  a  gas  cell  for  analysis  by  FT-IR.  The  FT-IR  allows 
on-line  measurements  of  the  gas  and  tar  concentration  and  composition.  On  this 
program,  the  TGA/FTIR  was  used  only  to  determine  the  tar/soot  balance  of  the  solids 
collected  from  the  EFR. 


Droplet  Generator 


In  the  initial  contract,  the  fuels  were  to  be  fed  as  a  steady  stream  of 
regularly  spread  droplets.  Although  this  was  changed  in  the  contract  redirection 
a  version  of  a  feeder  based  on  one  described  by  Maloney,  et  al .  (19)  was 
constructed  and  successfully  tested.  It  consisted  of  a  cylindrical  piezoelectric 
tube  (4  mm  ID,  6  mm  OD  and  5  cm  long)  fed  by  a  reservoir  of  fuel  from  one  end,  and 
with  a  hypo  tube  ejector  tip  on  the  other.  The  crystal  was  driven  by  a  specially 
constructed  high  voltage  pulse  generator,  whose  pulse  duration  and  repetition  rate 
could  be  adjusted.  It  produced  a  steady  stream  of  regularly  spaced  single-sized 

droplets  in  bench  tests. 
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Figure  10.  EGA/TGA  Block  Diagram. 
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III.  RESULTS 


TASK  I  -  Mechanistic  Studies  of  Pyrolysis,  Combustion,  and  Soot  Production. 

In  this  task,  data  were  obtained  on  31  hydrocarbon  fuels.  In  addition,  six 
pure  hydrocarbons,  acetylene,  benzene,  butane,  decal  in,  tetralin  and  dodecane  were 
analyzed.  The  measurements  performed  are  summarized  in  Table  2. 

The  fuels  analyzed  were  the  25  fuels  from  the  NASA  study  (20)  provided  by  the 
Air  Force,  plus  the  four  JP8X's,  also  provided  by  the  Air  Force.  The  25  fuels  from 
NASA  were  selected  and  blended  by  NASA  and  UTRC  to  provide  a  range  of  naphthalene, 
hydrogen  and  total  aromatic  content.  The  naphthalene  ranged  from  0  to  29.7  wt.%; 
the  hydrogen  from  9.1  to  15.0  wt.%,  and  total  aromatics  from  0  to  100  %.  The  soot 
production  as  indicated  by  EFR  data  ranged  from  28  to  68  wt.%.  The  JP8X's  were 
blended  to  provide  a  range  of  aromatic  contents  (2Q%-45%). 

The  pyrolysis  results  are  summarized  in  Figs.  11  through  26  for  the  major 
products,  and  the  full  product  slates  are  shown  in  Appendix  A,  Tables  A-l  through 
A-109. 


The  measurements  consist  of  three  classes:  1)  mass  balance  experiments,  where 
all  the  products  are  measured,  2)  E/T  experiments,  for  which  a  correlation  with 
soot  quantity  was  sought,  and  3)  liquid  cell  spectra  which  were  used  in  the 
correlation  studies  of  Task  II. 

Mass  Balance  Data 

As  indicated  in  Table  2,  all  of  the  fuels  were  pyrolyzed  at  1300°C  with  the 
injector  set  at  66  cm  (about  700  ms  residence  time)  using  the  EFR  with  the  heated 
injector.  These  conditions  were  chosen  as  a  standard  base  condition  which  provided 
partial  conversion  to  soot,  and  should  provide  a  good  relative  measure  of  the 
sooting  potential  of  the  fuels. 

For  several  of  the  fuels  (tetralin,  decalin,  butane,  acetylene,  benzene, 
dodecane,  and  the  4  JP8X's)  profiles  were  obtained  as  a  function  of  injector 
position  at  (i.e.  residence  time)  1300°C.  The  major  species  are  shown  in 
Figs.  11  through  26.  In  addition,  full  butane  series  were  measured  at  1300°C  with 
added  3.0  vol%  H£  or  O2  (Figs.  20  and  21),  and  at  66  cm  as  a  function  of 
temperature  (Fig.  19).  The  butane  and  acetylene  series  were  measured  at  1100°C 
(Figs.  17  and  23)  and  the  acetylene  at  1500°C  (Fig.  24). 
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TABLE  2 

SUMMARY  OF  FUELS  AND  EXPERIMENTS 
FUELS  EFR  Pyrolysis 


UTRC  2A 

1300°C, 

66 

cm 

ERBLS  1 

1300°C, 

66 

cm 

UTRC  7 A 

1300°C , 

66 

cm 

JP7 

1300°C, 

66 

cm 

JP4-S 

1300°C, 

66 

cm 

JP4 

1300°C, 

66 

cm 

DF2 

1300°C, 

66 

cm 

AFAPL  6 

1300°C,  66 

cm 

AFAPL  2 

1300°C,  66 

cm 

UTRC  3B 

1300°C ,  66 

cm 

UTRC  8A 

1300°C,  66 

cm 

ERBLS  2 

1300°C,  66 

cm 

UTRC  9A 

1300°C ,  66 

cm 

UTRC  9B 

1300°C,  66 

cm 

Tetral in 

1300°C ,  24, 
56 ,  66  cm 

.  46 

XTB 

1300°C ,  66 

cm 

BLS 

1300°C,  66 

cm 

In-Si tu  Scan  E/T  Data 


1400°C, 

66 

cm 

1300°C, 

66 

cm 

1100°C, 

66 

cm 

1300°C, 

66 

cm 

1300°C,  66  cm 


1300°C, 

66 

cm 

1300°C , 

66 

cm 

(+H2,  + 

02) 

1400°C, 

66 

cm 

(+h2) 

1300°C, 

66 

cm 

(+h2,  + 

02) 

1300°C , 

66 

cm 

130 0°C,  66  cm 

(+H2) 

1300°C,  66  cm 


1400°C ,  66  cm 

(+h2,  +o2) 

1300°C,  66  cm 
1100°C,  66  cm 

1300°C,  66  cm 
(+H2,  +02) 
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TABLE  2  (continued) 


ERBLS  3 

1300°C ,  66  cm 

ERBS 

1300°C ,  66  cm 

Decal  i n 

1300°C,  26,  46, 

56,  66  cm 

yes 

1400°C,  66  cm 
(+Ho,  +0p) 
1300°C ,  66  cm 

JP4-A 

1300°C ,  66  cm 

Jet  A 

1300°C,  66  cm 

1300°C ,  66  cm 
(+H2,  +02) 

JP5 

1300°C,  66  cm 

1300°C,  66  cm 
(+H2,  +02) 

GMSO 

1300°C,  66  cm 

UTRC  1 

1300°C ,  66  cm 

JP8X-2414  (45% 
aromatic) 

1300°C,  26,  46, 

56 ,  66  cm 

yes 

1400°C ,  66  cm 
1300°C ,  66  cm 

JP8X-2383  (20% 
aromatic ) 

1300°C,  26,  46, 

56 ,  66  cm 

yes 

1300°C,  66  cm 
(+h2,  +02) 

JP8X-2398  (30% 
aromatic) 

1300°C ,  26,  46, 

56 ,  66  cm 

yes 

1300°C ,  66  cm 

JP8X-2429  (30% 
aromatic) 

1300°C,  26,  46, 

56,  66  cm 

yes 

1300°C,  66  cm 

Butane 

1100°C  all  7 

yes 

positions , 

1300°C  all  7 
positions, 

1200,  1400, 

1500°C ,  66  cm 

yes 

Butane  +  H2 

1300°C  a1 1  7 
positions 

yes 

Butane  +  02 

1 300°C  all  7 
positions 

yes 

Acetylene 

1300°C  all  7 
positions, 

1500°C  all  7 
positions* 

1100°C  all  7 
positions* 

yes 

yes  (shows  no 
soot) 

1300°C  8 
positions 

27  - 


Benzene 


1300°C  all  7 
positions 


TABLE  2  (concluded) 


Dodecane  1300°C,  24,  46,  yes 

56,  66  cm 

*  contaminated  with  stabilizer 

Note:  7  standard  positions  are  6,  16,  26,  36,  46,  56,  and  66 
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Figure  11.  Pyrolysis  Data  for  Tetralin  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 
cm.  "Other"  Includes  Raw  Fuel. 
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Figure  12.  Pyrolysis  Data  for  Deealin  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 
cm.  "Other"  Includes  Raw  Fuel. 
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Figure  13.  Pyrolysis  Data  for  JP8X-2414  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10ms  per 
cm.  "Other"  Includes  Raw  Fuel. 

JP8X-2383  (20%  ar) 


0  C2H6 
H  H2 
^  Olefins 
I  Paraffins 
□  Benzene 
E3  C2H2 
H  C2H‘ 

E2  CHI 
■  S«X)t 


0  20  40  60 

Injector  Position  Above  Window  (cm) 


Figure  14.  Pyrolysis  Data  for  JP8X-2383  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approxiir  tL-ly  10  ms  per 
cm.  "Other"  Includes  Raw  Fuel. 
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Figure  15.  Pyrolysis  Data  for  JP8X-2398  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 
cm.  "Other"  Includes  Raw  Fuel. 
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Figure  16.  Pyrolysis  Data  for  JP8X-2429  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 
cm.  "Other"  Includes  Raw  Fuel. 
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Butane  Pyrolysis  Data  (1100°) 
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Figure  17.  Pyrolysis  Data  tor  Butane  as  a  Function  of  Injector 
Position  at  1100°C.  The  Residence  Time  is  Approximately  10ms  per 
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Figure  18.  Pyrolysis  Data  !<>;  Butane  as  a  Function  of  Injector 
Position  at  1300  C.  !  he  Rcvd  nee  Time  is  Approximately  10ms  per 
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Figure  19.  Pyrolysis  Data  for  Butane  as  a  Function  of  Temperature 
for  an  Injector  Position  of  66  cm.  The  Residence  Time  is 
Approximately  700  ms. 
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Figure  20.  Pyrolysis  Data  !o  Butane  +  ID  as  a  Function  of  Injector 
Position  at  1300°f  1  he  Residence  Time  is  Approximately  10ms  per 
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Figure  21.  Pyrolysis  Data  for  Butane  +  02  as  a  Function  of  Injector 
Position  at  1300°C.  The  Resid  once  Time  is  Approximately  10  ms  per 
cm. 
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Figure  22.  Pyrolysis  Data  for  Acetylene  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 
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ure  23.  Pyrolysis  Data  for  Acetylene  as  a  Function  of  Injector 
;ition  at  1100°C.  The  Residence  Time  is  Approximately  10  ms  per 
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Figure  24.  Pyrolysis  Data  for  Acetylene  as  a  Function  of  Injector 
Position  at  1500°C.  The  Residence  Time  is  Approximately  10  ms  per 
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Figure  25.  Pyrolysis  Data  for  Benzene  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10ms  per 
cm. 
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Figure  26.  Pyrolysis  Data  for  Dodecane  as  a  Function  of  Injector 
Position  at  1300°C.  The  Residence  Time  is  Approximately  10  ms  per 

cm. 
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Figure  27.  In-Situ  1 -Transmission  Experimental  Data  for  Tetralin 
Taken  During  Mass  Experiments  of  Fig.  11. 
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Figure  28.  In-Situ  1 -Transmission  Experimental  Data  for  Decal 
Taken  During  Mass  Experiments  of  Fig.  12. 


1-Transmittance 


rJrwJrmJi7Js  v  > 


6500  5500  4500  3500  2500  1500  500 

Wavenumbers 


Figure  29.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X- 


2414  Taken  Du 


ring  Mass  Experiments  of  Fig.  13. 
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Figure  30.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X- 
2383  Taken  During  Mass  Experiments  of  Fig.  14. 
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The  initial  experiments  with  acetylene  were  contaminated  with  oxygen,  which 
was  traced  to  the  solvent  used  to  dissolve  the  acetylene  in  the  tanks.  This  is 
true  even  for  chromatography  grade  02^*  The  proprietary  solvent  used  is 
apparently  similar  to  acetone,  or  at  least  decomposes  to  acetone  and  was  the  source 
of  the  oxygen.  The  1100  and  1500°C  acetylene  experiments  were  contaminated,  but 
are  included  in  the  report  for  completeness. 

In  the  course  of  tracing  this  contamination,  we  found  that  most  of  it  could  be 
removed  using  the  appropriate  traps  (21,22).  The  1300°C  C2H2  experiments  were  made 
using  the  filtered  acetylene. 

There  are  several  features  common  to  all  these  data:  The  initial  fuel  cracks 
to  form  acetylene,  hydrogen  and  ethylene.  These  species  then  recombine  to  form 
benzene,  PAH's  and  soot.  Pure  benzene  and  acetylene  are  the  major  exception  to 
this  rule,  and  even  in  this  case  these  light  aliphatics  appear  with  the  soot.  This 
observation  led  us  to  use  a  free  radical  soot  chemistry  model  (23-25)  as  the  basis 
of  our  modelling  work  in  Task  IV. 

Emission/Transmission  Experiments 

The  experimental  results  of  the  emission/transmission  experiments  are  shown  in 
Figs.  27  through  48.  These  are  in  the  same  order  as  listed  in  Table  2.  For  13  of 
the  mass  balance  experiments,  in-situ  transmission  scans  were  taken  during  the 
pyrolyses  as  indicated  in  the  3rd  column  of  the  table.  These  are  shown  in  Figs. 

27  through  36.  These  figures  all  show  the  same  trends:  an  increasing  sloping 
baseline  with  increasing  soot  formation  with  a  simultaneous  disappearance  of  the 
identifiable  gas  bonds.  Interestingly,  several  of  the  fuels  (tetralin.  Fig.  27  and 
JP8X,  Fig.  29,  for  example)  show  a  clearly  increasing  amount  of  soot  absorption 
with  increasing  pyrolysis  time,  while  others  (decalin.  Fig.  28,  or  JP8X-2398,  Fig. 
31)  do  not.  Some  of  this  may  be  due  to  spectrometer  alignment,  but  the 
reproducibility  indicates  otherwise. 

These  spectra,  where  the  66  cm  absorption  is  less  than  that  for  the  56  cm 
case  may  indicate  agglomeration  of  the  soot  into  the  size  range  >  0.3/tfm.  Even  if 
the  soot  is  a  fluffy  chain  of  aromatics,  *  he  relevant  size  is  the  overall  size  of 
the  cluster,  although  its  optical  density  may  be  reduced  by  being  some  combination 
of  N2  gas  and  PAH  rather  than  being  all  hydrocarbon.  This  could  have  the  results 
of  reducing  the  l-^v(due  to  leaving  the  Rayleigh  regime  where  the  absorption  goes 
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Figure  31.  In-Situ  1 -Transmission  Experimental  Data  for  JP8X- 
2398  Taken  During  Mass  Experiments  of  Fig.  15. 


from  a  volume  effect  to  a  surface  area  effect).  This  is  discussed  further  below  in 
conjunction  with  the  in-situ  E/T  scans. 

In-situ  FT-IR  1-T  scan  for  butane  pyrolysis  at  1100°C  are  shown  in  Fig.  33. 

Of  interest  are  the  peaks  at  2000-1700  cm-*  and  below  1000  cm“l  which  can  be 
assigned  to  aromatic  and  substituted  aromatic  species.  These  are  clearly  present 
by  26  cm.  The  presence  of  these  species  at  a  reaction  point  where  acetylene  is  at 
very  low  concentration  may  indicate  that  PAH  precursors  are  also  being  generated  by 
a  reaction  pathway  that  does  not  involve  acetylene  as  a  basic  building  block  in 
ring  formation.  However,  the  modeling  work  in  Task  VI  indicates  that  this  is 
probably  not  a  dominant  effect  for  uhe  low  density  experiments.  At  high  pressures, 
where  the  molecular  fragments  are  larger,  it  may  be  important.  This  possibility 
is  discussed  further  in  Section  V. 

In-situ  FT-IR  data  for  butane  confirms  the  differences  in  soot  content  as 
established  by  mass  balance.  Figure  34  compares  transmission  measurements  for  each 
experiments  of  Figs.  18,  20  and  21.  The  sloping  baseline  indicative  of  small 
particle  light  extinction  is  clearly  seen  to  change  relative  to  injector  distance, 
and  also  relative  to  H2  or  02  addition.  At  a  reactor  temperature  of  1100°C,  a 
sloping  baseline  shift  was  not  observed  since  these  experiments  did  not  produce 
soot. 

Figure  35  shows  a  series  of  FT-IR  spectra  for  (1-transmission)  and  emission 
for  pyrolysis  of  acetylene  in  the  reactor  at  1300°C.  The  spectra  were  accumulated 
over  a  series  of  reaction  distances  from  6  to  66  cm.  The  gas  velocity  is  1 
meter/sec  giving  a  maximum  residence  time  of  660  msec.  At  short  reaction 
distances,  the  transmission  spectra  show  the  acetylene  bands  alone.  The  amplitude 
of  the  absorbance  for  this  series  was  shown  to  be  proportional  to  the  amount  of 
soot  collected.  The  spectra  illustrate  the  ability  to  obtain  soot  and  gas 
concentrations  in  the  same  measurement. 

Figure  35b  presents  the  emission  spectra  for  the  same  series.  The  spectra 
show  the  features  corresponding  to  those  in  the  transmission  spectra  but  are  lower 
in  noise.  At  short  reaction  distances,  the  emission  spectra  show  the  acetylene 
bands.  The  spectra  increase  in  amplitude  as  the  acetylene  heats.  At  about  26  cm  a 
small  bump  is  observed  at  (3100  wavenumbers)  on  the  side  of  the  acetylene  emission. 
This  is  in  the  aromatic  C-H  stretch,  from  PAH  precursors.  The  aromatic  C-H  stretch 
grows  with  increasing  distances.  At  about  30  cm,  a  broad  emission  is  observed  due 
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Figure  33.  1 -Transmission  Spectra  for  Butane  Pyrolysis  (1100°C)  at 

Variable  Reaction  Distances.  Spectra  are  Offset  for  Display  Purposes. 
This  Data  was  Taken  During  Experiments  of  Fig.  17. 
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Figure  35.  In-Situ  Experimental  Data  for  Acetylene  as  a  Function  of 
Injector  Position.  This  is  for  the  "contaminated"  Experiments  (see 
text),  a)  1 -Transmission  and  b)  Emission. 
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Figure  36.  In-Situ  1 -Transmission  Experimental  Data  for  Tetralin 
Taken  During  Mass  Experiments  of  Fig.  26. 


to  soot.  This  broad  peak  grows  while  the  acetylene  emission  decreases  as  the 
acetylene  is  consumed.  The  aromatic  C-H  stretch  peak  remains,  even  for  the  longest 
reaction  distance. 

In  addition  to  the  in-situ  transmission  scans  during  mass  balance  experiments, 
19  of  the  fuels  were  pyrolyzed  at  66  cm  (maximum  residence  time),  at  various 
temperatures,  and  with  added  H2  or  02»  as  indicated  in  the  last  column  of  Table  2. 
During  these  pyrolyses,  the  emission  and  transmission  were  measured  as  discussed  in 
Section  II.  The  full  mass  balances  were  not  measured  during  these  experiments. 

For  each  fuel  in  these  E/T  experiments.  Figs.  37  through  54  show  a)  the 
measured  1-Transmission,  b)  the  radiance  R^Eq.  (4))  and  c)  the  normalized  radiance 
(Eq.  (7)).  Since  the  emission  or  radiance  measurement  was  taken  after  the 
transmission  measurement,  the  normalized  radiance  computation  helps  to  provide  a 
consistency  check  on  the  two  measurements;  since  if  the  experimental  conditions 
change,  the  normalized  radiance  will  no  longer  be  a  black-body  curve. 

In  the  cases  where  more  than  one  experimental  condition  was  measured,  all  the 
results  for  one  fuel  are  plotted  on  the  same  figure  to  emphasize  the  changes.  Of 
interest  is  the  variation  with  H2  or  O2  addition:  the  addition  of  7.2  vol%  H2 
always  reduces  the  emission,  (and  increases  the  transmission)  indicating  a 
reduction  of  soot.  Conversely,  the  addition  of  O2  increases  the  soot.  We 
attribute  this  to  the  capping  of  radical  soot  precursors  by  the  presence  of 
hydrogen,  or  the  consumption  of  hydrogen  by  the  oxygen. 

In  an  effort  to  correlate  the  quantity  of  soot  implied  by  the  emission,  with 
that  measured  in  separate  mass  balance  experiments,  we  plot  in  Fig.  55a,  the 
measured  soot  vs  l-'Tvat  6500  cm-*.  As  can  be  seen,  the  correlation  is  poor.  This 
can  be  caused  by  several  factors.  One  possible  factor  is  that  since  the  actual 
soot  quantities,  and  the  in-situ  radiance  were  measured  in  different  runs  on 
different  days,  there  could  be  day-to-day  variations  in  experimental  conditions 
which  caused  variations  in  the  amounts  of  soot  generated.  Repeat  experiments  on 
several  of  the  runs,  however,  showed  good  reproducibility  in  both  the  mass  balance 
and  the  E/T  data,  indicating  that  this  is  not  a  major  factor. 

A  second  source  of  error  in  Fig.  55  could  be  in  the  emissivity  of  the  soot, 
assumed  to  be  constant.  If  the  emissivity  differs  among  the  soots  produced  from 
different  fuels,  or  the  soots  have  aged  differently,  the  radiance  or  1-Tv  will 
not  be  a  qualitative  measure  of  the  soot. 


1400°  C 
1300°C 
1100°C 


0) 

o 

50 

c 

re 

40 

•IH 

d 

c 

Cfl 

c 

30 

re 

In 

H 

20 

rH 

10 

6500  5500  4500  3500  2500  1500  500 
10.5-1- 

.  V)  1400°C 

Sqo.  1300°C 

^  a  u  1100°C 

6  75 

a  ° 

S3  C  4.5 
T3  cfl 

<3  I  3.0-  \ 

C8  _ 

^  o  I  1  i "  i  i  ^  i  r  i 

6500  5500  4500  3500  2500  1500  500 

'T  141  14<X>C 

©  l,WC 

—  12J  X  1100°C 


S3  C< 

os 

a 


W  6500  5500  4500  3500  2500  1500  500 

Wavenumbers 

Figure  37.  Fuel  UTRC-2A  Pyroiyzed  in  the  Entrained  Flow  Reactor 
for  a  Distance  of  66  cm  Reaction  Distance  a)  l  -T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  38.  Fuel  ERBLS-1  Pyrolyzed  in  the  Entrained  Flow  Reactor 
for  a  Distance  of  66  cm  Reaction  Distance  a)  1 -T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  39.  Fuel  JP-7  Pyrolyzed  in  the  Entrained  Flow  Reactor  for 
Distance  of  66  cm  Reaction  Distance  a)  1 -T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  40.  Fuel  JP-4  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 
Distance  of  66  cm  Reaction  Distance  a)  1 -T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  42.  Fuel  AFAPL-6  Pyrolyzed  in  the  Entrained  Flow  Reacto 
for  a  Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  43.  Fuel  AFAPL-2  Pyrolyzed  in  the  Entrained  Flow  Reactor 
for  a  Distance  of  66  cm  Reaction  Distance  a)  1 -T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  44.  Fuel  ERBLS  2  Pyrolyzed  in  the  Entrained  Flow  Reactor 
for  a  Distance  of  66  cm  Reaction  Distance  a)  1  -T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  45.  Fuel  UTRC-9A  Pyrolyzed  in  the  Entrained  Flow  Reactor 
for  a  Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  46.  Fuel  XTB  Pyrolyzed  in  the  Entrained  Flow  Reactor  for  a 
Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 


lU'.V.  C  O  ^  O  «-■  V  W  W  -  v‘  s'  0 


r'.rv jy~j  XYVY'VY 


r<v."'V-V-V^.''«" 


6500  5500  4500  3500  2500  1500  500 


02 


Wavenumbers 

Figure  48.  Fuel  Decalin  Pyrolyzed  in  the  Entrained  Flow  Reactor  for 
a  Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  50.  Fuel  JP-5  Pyrolyzed  in  the  Entrained  Flow  Reactor  for 
Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 
c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves. 
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Figure  53.  Fuel  JP8X-2398  Pyrolyzed  in  the  Entrained  Flow  Reactor 
for  a  Distance  of  66  cm  Reaction  Distance  a)  1-T,  b)  Radiance  and 

c)  Normalized  Radiance.  The  Legends  are  in  Order  of  the  Curves.  ^ 
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Figure  54.  Fuel  JP8X-2429  Pyrolyzed 
for  a  Distance  of  66  cm  Reaction  Distai 
c)  Normalized  Radiance.  The  Legends 
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As  discussed  in  Section  II,  the  1-%)  or  the  radiance  for  these  young  soots 
should  be  in  the  Rayleigh  regime  where  the  absorption  is  proportional  to  the  volume 
fraction  of  soot  and  to  a  "constant”  function  of  the  optical  constants.  For  very 
young  soots,  the  optical  properties  may  not  be  well  developed,  which  would  cause 
the  extinction  coefficient  or  l-%>  to  be  reduced  below  that  for  a  more  well 
developed  (aged)  soot.  To  test  this  possibility,  in  Fig.  55b  and  55c  we  have 
plotted  the  1  -  data  from  the  mass  balance  experiments  of  Figs.  27  through  36  vs 

the  measured  soots  of  the  one  outlyer  (data  from  Fig.  32,  JP8X-2429)  this  plot 
shows  a  much  better  correlation,  and  shows  a  tendency  for  the  younger  soots,  from 
the  26  cm  data,  to  lie  closer  to  the  abscissa.  This  is  consistent  with  the 
interpretation  of  reduced  optical  constants  for  the  young  soots.  Similarly,  the 
"old"  soots  from  the  66  cm  data  tend  to  lie  below  the  extrapolation  of  the  line 
through  the  56  cm  data,  indicating  the  onset  of  agglomeration. 

Molecular  Weight  Distribution  of  Fuel  Components  by  FIMS 

Experiments  to  determine  molecular  weight  distributions  in  fuels  and 
hydrocarbon  pyrolysis  products  have  been  performed  for  AFR  with  a  Field  Ionization 
Mass  Spectrometer  (FIMS)  at  Stanford  Research  Institute.  The  technique  was 
described  by  St.  John  et  al .  (26).  FIMS  is  unique  in  its  ability  to  produce 
unfragmented  molecular  ions  from  almost  all  classes  of  compounds. 

Figure  56  shows  the  molecular  weight  distribution  of  collected  PAH's  as 
determined  by  FIMS  for  the  31  cm  data  of  Fig.  35.  A  sample  of  soot  and  PAH's  was 
collected  at  the  exit  of  the  entrained  flow  reactor  after  31  cm  in  the  reactor  at 
1300°C.  The  sample  was  heated  in  a  probe  in  the  FIMS  from  -50°C  to  450°C.  During 
this  time  13%  of  the  sample  volatilized  with  the  temperature  dependence  shown  in 
Fig.  56b.  The  molecular  weight  distribution  for  all  the  volatile  species  is  shown 
in  Fig.  56c.  The  spectrum  of  acetylene  pyrolysis  products  shows  a  very  regular 
set  of  homologous  series.  This  FIMS  spectrum  is  inconsistent  with  simple  formation 
of  polyacetylenes  (masses  170,  194,218,  242,  266,  etc.),  since  there  are  not  peaks 
at  these  masses.  These  peaks  are  consistent,  however,  with  the  formation  of  PAH's. 
The  maximum  occurs  at  MW  -  202  which  is  correct  for  pyrene  and  subsequent  peaks  are 
spaced  by  either  24  or  26  mass  units.  This  pattern  is  consistent  with  successive 
additions  of  acetylene  to  the  aromatic  rings.  Some  possible  structures  are  shown 
in  Fig.  56a  for  the  first  few  members  of  this  series. 

FIMS  data  for  some  of  the  butane  pyrolysis  soots  and  tars  are  shown  in 
Fig.  57.  Figure  57a  is  the  soot  (  +  tar)  scraped  from  the  water-cooled  extractor 
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Figure  56.  Molecular  Weight  Distribution  for  Products  of  Acetylene 
Pyrolysis,  a)  FIMS  Spectrum,  b)  Temperature  Dependent  Weight 
Loss  in  Sample  Probe. 
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Figure  57.  FIMS  Spectra  of  a)  Butane  Soots  Collected  from  Water- 
Cooled  Extractor,  b)  Butane  Soots  Collected  from  Aluminum  Foil  Liner 
and  c)  Butane  Tars  Washed  from  Water-Cooled  Extractor. 


located  in  the  entrained  flow  reactor.  Because  of  concerns  that  this  soot  was 
exposed  to  the  hot  gases  with  the  extractor,  an  additional  set  of  soot  was  taken 
from  the  aluminum  foil  liner  in  the  gas  collector.  These  are  shown  in  Fig.  lb. 
Figure  57c  shows  the  tars  from  the  extractor  (washed  from  the  extractor  with 
acetone,  filtered  and  dried  to  remove  the  acetone).  The  spectra  all  look 
remarkably  similar  as  a  function  of  temperature.  The  locations  of  the  vapor  peaks, 
every  24  AMU,  starting  at  178  correspond  to  the  sequence  of  3,  4,...  condensed 
aromatic  rings. 

TASK  II  -  Fuel  Characterization  and  Correlation 

The  objective  of  this  task  is  to  establish  procedures  for  measuring  the 
properties  of  fuel  which  affect  combustion  behavior  using  Fourier  Transform  IR 
spectroscopy  as  a  diagnostic.  This  was  done  by  measuring  the  infrared  transmission 
spectrum  for  each  of  the  liquid  fuels,  and  developing  correlations  between  the 
peaks  in  these  spectra  with  the  pyrolysis  results  of  Task  I,  and  with  the 
literature  data  for  the  25  NASA  test  fuels  (20). 

Experimental 

FT-IR  Liquid  Cell  Spectra  -  The  fuels  were  characterized  using  FT-IR  in  the 
range  from  400  cm"*  to  4000  cm  -1.  In  order  to  obtain  quantitative  spectra,  two 
cells  were  used,  one  with  a  fixed,  known  pathlength,  and  a  second  with  a  variable 
pathlength  cell.  Example  spectra  are  shown  in  Figs.  58a  and  b.  All  of  the  spectra 
are  shown  in  Appendix  B,  Figs.  B-l  through  B-29.  This  double  analysis  was  required 
because  the  fixed  cell  gives  complete  absorption  on  many  of  the  peaks  of  interest 
as  can  be  seen  in  the  2800-3000  cm”l  band  in  Fig.  56c.  Therefore,  the  smaller 
peaks  from  the  fixed  cell  such  as  the  1400  cm-1  peak  in  Fig.  58b  were  used  to 
determine  the  pathlength,  and  thus  calibrate  the  variable  cell,  which  was  adjusted 
until  all  peaks  were  on  scale  (Fig.  58b).  The  resulting  spectra  are  then  fit  using 
an  automated  synthesis  routine  which  resolves  the  spectra  into  a  large  number  of 
Gaussian  peaks  (27).  The  position  and  width  of  these  peaks  are  fixed  at  values 
which  have  been  determined  from  analysis  of  a  large  number  of  liquid  and  solid 
spectra  on  model  compounds  (27-29).  Only  the  height  of  these  peaks  are  adjusted  to 
fit  the  unknown  spectrum.  An  example  of  the  set  of  peaks  used  and  the  resulting 
fit  to  an  unknown  spectrum  for  coal  is  shown  in  Fig.  59.  For  liquids,  the  peaks 
were  modified  slightly  to  agree  with  literature  interpretations  (28,29).  The  fits 
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are  usually  better  than  1%,  which  exceeds  the  experimental  reproducibility  of  the 
spectrum  [^S%) .  As  indicated  in  Fig.  59,  the  peaks  can  be  grouped  into  a  few 
categories,  (aromatics,  aliphatics,  etc.). 


Entrained  Flow  Reactor  Data  -  All  of  the  fuels  have  been  pyrolyzed  at  a  fixed 
temperature  and  residence  time  (1573K  and  700  ms)  in  AFR's  entrained  flow  reactor 
(EFR)  facility.  This  is  a  subset  of  the  data  taken  in  Task  I.  These  conditions 
were  chosen  as  a  standard  condition  which  provided  partial  conversion  of  the  fuel 
to  soot,  and  should  provide  a  relative  measure  of  the  sooting  potential  of  the 
fuels.  The  facility  provides  complete  mass  balances  on  the  pyrolysis  products 
including  soot  (all  insoluble  solids),  tar  (solids  soluble  in  dichloromethane)  and 
gases  (CH4,  C2H2,  C2H4,  C2H5,  C3H5,  heavy  olefins,  etc.,  by  FT-  IR;  and  H2,  benzene 
by  gas  chromatography).  In  order  to  minimize  the  effects  of  fuel  vaporization  and 


reduce  the  heat  load  on  the  reactor,  a  heated  fuel  injector  was  used.  This 
injector  was  maintained  at  250°C,  which  is  sufficient  to  fully  vaporize  some  of  the 
fuels,  and  should  partially  vaporize  all  the  fuels.  Thus  we  expect  that  all  of  the 
fuels  were  pyrolyzed  at  similar  conditions. 

Data  Sets  -  The  data  set  for  the  fuel  correlations  consists  of  three  groups. 
The  first  group  is  the  FT-  IR  liquid  cell  spectra  which  have  been  reduced  to  a  set 
of  51  Gaussian  peaks,  which  reproduce  the  original  spectra  to  better  than  the 
experimental  reproducibility.  These  data  are  used  in  a  factor  analysis  in  either 
of  two  ways  in  this  discussion:  1)  The  peaks  are  grouped  into  functional  categories 
such  as  methyls,  carboxyls,  aromatics,  etc.,  to  generate  factors,  or  2)  The  peaks 
are  used  individually  to  generate  factors. 

The  second  set  of  data  is  the  pyrolysis  results  at  1300°C,  which  includes  a 
full  product  slate  of  soot,  tar,  H2,  CH4,  C2H2,  C2H4,  C2H6»  ^3<s  and  benzene. 

These  are  treated  as  dependent  variables,  dependent  on  the  factors  generated  from 
the  liquid  cell  spectra. 

The  third  set  of  data  is  that  of  Rosfjord  (20)  at  UTRC.  Most  of  the  fuels  were 
originally  formulated  and  characterized  in  a  UTRC-NASA  program  for  use  in  a 
combustion  test  facility.  His  data  includes  66  measurements  of  physical  and 
chemical  properties  and  combustion  results. 

Factor  Analysis 

The  purpose  of  factor  analysis  is  to  find  an  underlying  small  set  of  common 
factors  which  can  explain  a  large  number  of  measurements.  For  example,  in  fuels 
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with  a  wide  range  of  chemical  compositions,  one  might  hope  to  find  that  the  sooting 
behavior  could  be  explained  by  a  single  determining  factor,  such  as  aromatic 
content,  or  the  difference  between  aromatic  content  and  hydrogen  content.  Factor 
analysis  is  the  process  of  doing  this,  and  includes  both  physical  intuition  and 
mathematical  methods. 


Details  of  Method  of  Correlating  FT-IR  Spectra  with  Other  Properties  of  Jet 
Fuels  -  The  starting  point  of  the  mathematical  factor  analysis  is  a  set  of  peak 
areas  obtained  using  the  fitting  procedure  described  above.  The  peak  deconvolution 
algorithm  was  developed  previously  at  AFR.  For  the  specific  example  of  the  jet 
fuels,  there  are  51  peaks  used  in  each  fuel  spectrum.  The  peak  areas  for  two  fuels 
are  listed  in  Table  3.  The  basic  technique  for  the  factor  analysis  is  the 
principal  components  method  of  Hotelling,  and  is  described  in  Chapter  8  of  Ref.  30. 


The  first  step  is  to  compute  all  the  pairwise  correlations  ( r -j j )  between  the 


peaks. 


ri  j  = 


nfuel 

ZH  (xhi-<xi>Hxhj'<xj>) 

n  =1 _ 

(nfuel-l)*Si *sj 


where 


xhi  is  the  ith  peak  area  for  the  ht^1  fuel 


nfuel 

«i>  ■  r  Xhi/nfuel  is  the  sample  mean  area  of  the  ith  peak 

h=l 
nfuel 

s^  =  (xj1-j-<x^> )2/(nfuel -1 )  is  the  sample  variance 

h=l  in  the  area  of  the  htfl  peak 


This  correlation  matrix  (51x51  for  the  case  of  51  peaks),  together  with  the  means 
<x -j >  and  the  variances  s^  are  all  the  information  needed  for  the  analysis. 

The  next  step  is  to  find  the  factors  which  best  describe  the  correlations. 
Mathematically,  (see  Ref.  30)  this  consists  of  solving  the  eigenvalue  problem: 
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j=l 

for  the  eigenvectors  a^,  and  their  eigenval ues , 

There  are  npeak  such  eigenvalues  and  eigenvectors,  each  eigenvector  having 
npeak  components.  This  procedure  is  equivalent  to  rotating  a  51  dimensional 
coordinate  system  so  that  most  of  the  variance  in  the  data  lies  along  the  axes  of 
the  new  coordinate  system.  The  new  coordinate  axis  containing  the  maximum  variance 
has  components  or  projections  on  each  of  the  original  coordinates  (peak  areas),  and 
thus  represents  the  single  linear  combination  of  peak  areas  which  best  fits  the 
data.  An  example  in  two  dimensions  can  help  explain  this.  Consider  the  data  in 
Fig.  60.  The  means  and  variances  are  indicated  on  the  axes  x^  and  X2. 

For  the  data  in  the  figure,  the  correlation  r^  =  1.0. 


Fig.  60.  Example  of  Correlated  Measurements  in  Two-Dimensions. 

By  changing  to  a  new  coordinate  system,  shown  as  (y^,  yg),  the  data  all  lie  on 
the  yi  axis,  the  correlation  between  y^  and  y2  is  zero,  and  the  equation  of  axis  y^ 
in  terms  of  and  X2  is  the  linear  combination  that  best  explains  the  data.  All 

of  the  variance  in  x^  and  X2  is  now  contained  in  y^. 

The  variances  in  the  new  coordinate  system  are  given  by  the  eigenvalues,  while 

the  axes  of  the  new  system  are  the  corresponding  eigenvectors.  Just  as  in  the  two 
dimensional  example  above,  where  one  of  the  vectors  (y2)  can  be  discarded  as 
containing  no  information  about  our  original  data  (xj,  X2),  so  too  in  the  case  of 
our  51  peaks  and  factors  in  the  fuels  case.  The  resulting  factors  (eigenvectors) 
and  sample  variances  (eigenvalues)  are  shown  in  Table  4  for  the  first  8  factors. 

The  fraction  of  the  total  variance  explained  by  each  eigenvector  is  given  by 
^l</npeak  (see  Ref.  1).  Thus,  by  adding  up  the  first  8  eigenvalues,  we  see  that 
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TABLE  4 

Factors  based  on  24  fuels,  with  eigenvalues 


Factor  #  1  Eigenvalue  ■  12.716800 


0.7051 

0.3671 

0.5732 

0.4166 

0.8677 

0.7800 

0.4565 

0.2454 

0.3517 

0.7611 

-0.7779 

-0.0095 

-0.2226 

-0.4170 

-0.8686 

-0.9149 

-0.6557 

-0.9423 

-0.4597 

-0.5373 

-0.0165 

0.3670 

0.0859 

0.5016 

-0.6134 

0.1226 

0.2530 

0.3966 

-0.9260 

0.4427 

-0.6412 

0.2798 

-0.0978 

-0.0136 

0.0439 

-0.0816 

-0.5462 

0.1765 

0.0166 

-0.0162 

0.5098 

-0.0389 

-0.1252 

-0.0873 

0.4224 

Factor  # 

2  Eigenvalue  ■  9. 

801150 

0.2883 

0.6058 

0.2382 

0.2278 

0.3650 

0.1069 

0.4603 

-0.2841 

-0.2298 

0.2158 

-0.0185 

-0.4197 

-0.3372 

0.4682 

-0.1719 

-0.2008 

-0.1445 

-0.1364 

-0.2202 

-0.2754 

-0.0991 

-0.7429 

0.6878 

-0.7049 

-0.0554 

0.3690 

-0.3761 

-0.5340 

-0.0969 

-0.7218 

0.0126 

-0.7050 

-0.0663 

-0.4638 

0.5398 

0.1623 

-0.0584 

0.5345 

-0.4548 

-0.8519 

-0.5500 

-0.7358 

-0.0045 

0.0906 

-0.4421 

Factor  // 

3  Eigenvalue  =  6. 

251490 

-0.2787 

-0.4181 

0.6633 

0.7530 

0.0185 

0.4871 

0.5937 

0.2019 

0.4087 

-0.2922 

0.3031 

0.5542 

-0.7485 

0.4074 

0.2567 

0.1829 

-0.4571 

-0.0139 

-0.1077 

0.4573 

0.5755 

-0.1281 

-0.2128 

0.0055 

-0.0516 

-0.1172 

-0.6716 

0.0848 

0.2204 

-0.1050 

-0.2639 

-0.0722 

-0.0600 

0.0372 

-0.2005 

-0.0917 

0.2631 

-0.5514 

-0.3228 

0.0757 

-0.2422 

0.2278 

-0.2542 

-0.0082 

-0.3730 

Factor  # 

4  Eigenvalue  *  5. 

140550 

0.2018 

-0.2505 

-0.1451 

-0.2435 

0.1590 

0.1846 

0.1262 

-0.4501 

0.0956 

0.3404 

0.2605 

-0.2717 

-0.3238 

0.2278 

-0.1673 

0.2483 

-0.4703 

0.2023 

0.5078 

0.3528 

-0.0054 

0.2947 

0.1007 

0.0115 

0.0106 

0.2432 

0.1957 

0.0085 

0.2231 

0.3113 

0.4599 

-0.4674 

0.4800 

0.3121 

0.4990 

0.3730 

0.5575 

0.5446 

-0.4702 

0.3294 

0.0243 

0.2084 

-0.6046 

0.2155 

0.3980 

-0.9227 

-0.6826 

0.3651 

0.3682 

0.2295 

0.1082 


-0.2458 

-0.1152 

-0.7891 

-0.8275 

-0.4705 

-0.6546 


-0.0129 

-0.4166 

-0.1157 

-0.2117 

0.5290 

0.2991 


-0.1820 

-0.4393 

0.2383 

0.1866 

-0.3387 

0.2239 


TABLE  4  (concluded) 


Factor  #  5  Eigenvalue  ■  4.168080 


-0.0590 

-0.3315 

-0.1408 

-0.2677 

-0.0452 

-0.0405 

-0.2826 

-0.0379 

-0.2514 

0.3743 

0.1319 

0.0274 

0.1921 

0.1488 

-0.2341 

-0.0148 

-0.0007 

0.0287 

0.0323 

-0.1065 

0.0081 

0.3474 

0.5890 

-0.1830 

-0.1058 

-0.3079 

-0.4327 

-0.2002 

-0.4957 

0.4470 

0.4434 

-0.1444 

-0.0040 

-0.1196 

-0.3890 

-0.1094 

0.1380 

-0.5976 

-0.2361 

-0.1266 

-0.0872 

-0.3009 

-0.1711 

-0.4107 

-0.0850 

0.0704 

-0.4145 

-0.5327 

-0.5884 

0.2941 

0.4581 

Factor  // 

6  Eigenvalue  *  2. 

924650 

0.0206 

0.0288 

0.2268 

0.0912 

-0.2333 

-0.0261 

0.1582 

-0.1042 

-0.5190 

0.5014 

0.0439 

-0.2628 

-0.4221 

-0.2421 

0.2224 

0.2647 

-0.0564 

-0.0836 

0.0342 

0.0408 

0.2776 

0.0555 

0.0593 

0.2498 

0.3375 

-0.3330 

0.0605 

0.5432 

0.0561 

-0.1155 

-0.4763 

0.0948 

-0.1063 

0.3206 

-0.0315 

0.2091 

-0.0257 

-0.3078 

-0.2544 

-0.4092 

-0.2549 

-0.3162 

-0.0853 

0.1075 

-0.1475 

-0.2600 

-0.0474 

0.0459 

0.0287 

0.3121 

-0.1661 

Factor  // 

7  Eigenvalue  =  2. 

755080 

-0.2520 

0.0782 

0.1476 

0.1249 

-0.0845 

-0.1736 

0.0552 

-0.0977 

0.2665 

0.1953 

-0.2558 

-0.1800 

-0.1928 

-0.1337 

-0.4457 

0.1454 

-0.2465 

0.0066 

0.1348 

0.0311 

0.0312 

0.2915 

0.0243 

-0.1064 

-0.0782 

-0.1500 

0.0381 

0.2354 

0.0101 

0.0136 

0.1579 

-0.0397 

-0.1301 

-0.0837 

-0.1660 

-0.2681 

0.7950 

0.2552 

0.4693 

0.3179 

0.4813 

-0.3232 

0.0132 

0.2565 

-0.1869 

-0.1179 

0.1715 

-0.0700 

0.1762 

0.4101 

0.0006 

Factor  // 

8  Eigenvalue  =  1. 

986950 

0.3950 

0.1415 

-0.0502 

-0.0630 

0.0422 

0.1028 

-0.2195 

0.1156 

-0.3524 

0.2188 

0.2033 

0.1052 

0.1216 

0.0812 

-0.0667 

0.0480 

0.0894 

-0.0115 

0.2306 

-0.0858 

-0.4132 

0.0520 

0.4465 

-0.0104 

0.0071 

0.1048 

0.1502 

0.3586 

-0.0980 

0.0449 

-0.1461 

0.0173 

-0.0273 

-0.0857 

-0.2549 

-0.0014 

0.1091 

0.1621 

0.0912 

-0.0611 

0.4754 

0.0322 

-0.0873 

-0.0656 

0.0940 

-0.3162 

0.0040 

0.2659 

0.0733 

-0.5413 

-0.0267 

rm  j'  •  j'j  • 


these  8  factors  explain  90%  of  the  data.  The  order  of  the  peaks  in  the  factors  is 
the  same  as  in  Table  3. 

It  is  usually  not  possible  to  draw  any  conclusions  from  looking  at  the  factors 
directly,  but  they  are  useful  in  correlating  the  data  with  other  measurements. 

This  is  because  we  have  now  concentrated  the  variance  in  the  data  into  a  few  (8  or 
9)  factors,  whereas  in  the  original  data  it  was  spread  out  over  51  spectral  peaks. 

The  next  step  in  the  procedure  is  to  correlate  parameters  of  interest  such  as 
the  soot  measurements  from  the  spectra  using  these  factors.  To  do  this  we  compute 
the  projection  of  each  fuel  spectrum  onto  the  8  factors  to  obtain  the  contribution 
of  each  factor  (f|<)  to  the  specific  fuel;  and  then  do  a  least-squares  fit  of  the 
soot  measurement  with  these  projections  as  follows: 


Form  projections  Phk: 
npeak 

Phk  =  xhj  *fkj/sj  * 

j  =  l  1 

-  contribution  of  kth  factor  to  hth  fuel. 


1  ,nfuel 
l.nfactor 


Compute  linear  regression  between  y^  (eg.  soot)  and  p^k 


nfactor 

£  bl“l 


where 


s|  is  sample  variance  of  y-j 
b are  regression  coefficients 


Choose  b^,  such  that 


nf  uel 


^  [yh(computed)  -  yh(measured)]2  is  minimized, 


The  minimization  reduces  to  a  set  of  nfactors  simultaneous  linear  equations  in  b^, 
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For  each  k: 


nfuel  nfactor  nfuel 

2  2  bk'*Phk-phk'  =2  yh’Phk  ( 

h=l  k'=l  h=l 

As  an  example,  the  bk's  for  the  soot  regressions  are  shown  in  Table  5.  In 
addition,  in  Table  5  are  shown  the  contributions  cj  of  each  peak  to  these  fits. 

nfactor 


sy*bk-fkj 


These  Cj  are  the  regressions  of  the  y-j  with  the  original  peaks,  as  can  be  seen  by 
combining  Equations  (3)  and  (4). 

nfactor  npeak 

*h  =  sy*  Z  bk*[  £  xhj*fkj/Sj] 
k=l  j=I 


npeak  nfactor 

Z  t  2  Sybk*fkj]*xhj/Sj 

j=l  k=l 


npeak 

:£cJ*xhj/Sj 

0=1 


The  final  step  is  to  compute  the  correlation  of  the  calculated  soot  with  the  actual 
soot. 


nfuel 


2  (yh( computed ) -<y( computed ) > ) (yh- <y> ) 


(nfuel -1 ) *Sy( computed) .Sy 


I 


Results 


From  experience  we  expect  that  the  liquid  cell  FT-IR  spectra  completely  define 
the  liquid,  and  that  the  pyrolysis  and  combustion  data  can  be  predicted  from  this. 
Thus  we  have  generated  the  factor  matrix  from  the  FT-IR  spectra  only.  Second, 
since  we  expect  that  the  functional  groups  in  the  fuel  (e.g.  methyl)  and  not  the 
individual  peaks  in  the  spectrum  are  the  important  feature,  we  look  for  ways  of 
grouping  all  the  peaks  according  to  the  functional  group  which  causes  them. 


The  mathematical  part  of  factor  analysis  consists  of  finding  those  linear 


TABLE  5 


Regression  Coefficients 


b(0) 

b(l) 

b(2) 

b(3) 

b(4) 

b(5) 

b(6) 

b(7) 

.951610  -0. 

276940  0, 

.056628  - 

-0.217369  -0. 

.019662  -0. 

.139711 

0.239600  -0. 

245557 

Contribution  of  each 

peak  to 

fit,  c(j) 

-0.0466 

0.0627 

-0.2489 

-0.2329 

-0.2555 

-0.2773 

-0.1685 

0.2525 

-0.2744 

-0.1808 

-0.0864 

0.1210 

-0.2167 

0.1658 

0.2443 

0.3116 

0.2256 

0.1717 

0.2530 

0.2691 

0.1852 

-0.0799 

-0.1993 

-0.0138 

-0.0068 

0.0597 

-0.1144 

0.2787 

0.0877 

-0.0426 

-0.3738 

-0.0538 

0.2056 

-0.0328 

0.3137 

0.0387 

-0.1935 

-0.0894 

-0.0909 

-0.3571 

-0.1218 

0.1255 

0.0906 

0.0691 

-0.0441 

-0.1639 

-0.0801 

-0.0334 

0.1475 

-0.0412 

-0.1728 

b(8) 

.001835 


combinations  of  the  data  (eigenvectors)  such  that  the  correlations  between  the 
eigenvectors  is  zero,  together  with  a  measure  of  the  significance  of  the 
eigenvectors  (eigenvalue).  As  an  example,  if  we  had  a  set  of  50  fuels  which  were 
made  up  of  different  mixtures  of  say,  benzene  and  hexane,  we  might  find  that  two  of 
the  vectors  would  have  non-zero  eigenvalues  (significance)  one  of  which  contained 
the  IR  peaks  for  hexane,  the  other  would  have  all  the  benzene  peaks,  and  the 
remaining  48  eigenvectors  would  have  zero  significance.  In  this  case  we  would  have 
two  factors  which  are  identifiable  as  chemicals.  In  practice  we  are  apt  to  find 
that  one  of  the  factors  is,  for  example,  a  weighted  sum  of  the  spectra,  and  the 
other  is  the  weighted  difference  between  the  spectra,  making  interpretation  of  the 
factors  difficult. 

In  our  case  we  find  that  all  the  FT-IR  data  can  be  explained  to  within 
experimental  error  with  a  few  (8  or  9)  factors,  whereas  we  started  with  51  peaks. 

To  obtain  predictors  of  the  pyrolysis  and  combustion  results  we  do  least  square 
regressions  between  the  factors  and  the  dependent  variables  (Figs.  61a-f).  With 
these  fits  we  obtain  correlaticis  between  the  predictions  and  the  data  of  r?  >  o.80 
and  usually  better  than  0.9.  Not  surprisingly,  the  correlation  between  the  IR 
factors  and  Rosfjord's  chemical  characterization  data  is  excellent  (H^otal  » 
saturated  hydrocarbons,  total  aromatics).  This  verifies  our  assumption  that  the 
factors  define  the  fuel  chemical  composition.  Of  more  interest  is  the  correlation 
of  the  IR  factors  with  the  pyrolysis  products  a  1300°C,  and  with  Rosfjord's 
combustion  data.  The  best  fit  is  to  Rosfjord's  dome  radiation  (Fig.  61a  and  61b). 
Dome  radiation  is  the  total  hemispherical  radiant  heat  load  to  the  inlet  dome  of 
the  combustor.  This  radiation  value  is  a  measure  of  the  amount  of  soot  in  the 
region  of  the  radiation  detector  since  the  soot  is  the  major  contributor  to  the 
radiant  energy.  The  agreement  between  the  soot  predicted  from  the  chemical  data  as 
measured  by  FT-IR  and  soot  as  measured  by  radiation  in  a  combustor  is  excellent.  A 
second  measure  of  the  soot  is  the  smoke  number  (20).  This  correlation  is  shown  in 
Fig.  61b. 

The  fits  to  the  major  pyrolysis  products  at  1300°C  and  700  ms  residence  time 
are  shown  in  Figs.  61c  and  6 1 f .  The  trends  are  clear,  and  agree  with  Rosfjord's 
data.  This  time- temperature  regime  was  chosen  to  provide  survey  of  partial 
pyrolysis  of  the  fuel  for  use  in  kinetics  modeling  and  as  such,  may  not  provide  a 
measurement  of  the  maximum  sooting  behavior  of  the  fuel.  Some  of  these  products 
can  be  classed  roughly  as  final  products  of  the  pyrolysis  process  (soot,  CH4, 
polyacetylenes,  PAH's)  which  react  to  form  the  final  products.  As  a  result,  the 
fit  to  the  soot  is  better  than  that  for  the  acetylene. 
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Figure  61.  Correlations  Plots  Between  Actual  and  Predicted  Results 
for  Six  Fuel  Parameters,  a)  Combustor  Dome  Radiation,  b)  Smoke 
Number  in  Combustion,  c)  Soot  from  Entrained  Flow  Reactor,  d)  Total 
Hydrogen,  e)  H/C  Ratio  and  f)  Acetylene  from  Entrained  Flow 
Reactors.  Scales  are  Arbitrary  with  Offset  Origins,  Lines  are  45° 
Parity  Lines. 
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Given  the  clear  correlation  between  sooting  behavior  of  the  fuels  and  the 
structural  details  of  the  fuels  as  determined  by  FT-IR,  we  can  now  look  at  the 
structural  features  which  give  rise  to,  or  which  inhibit  sooting.  This  Is  done  by 
calculating  the  importance  of  the  FT-IR  peaks  in  the  regression  to  the  regression 
data.  In  an  attempt  to  gain  some  physical  understanding  of  these  regressions,  we 
have  gone  back  to  the  original  data  and  grouped  the  peaks  together  in  what  should 
be  reasonable  groups.  Six  groups  were  chosen  consisting  of  the  following  peaks: 


Group  1 

peaks  1,5,11 

R-CH2-R 

Group  2 

peaks  3,4,7 

r-ch3 

Group  3 

peak  6 

-R-R- 

Group  4 

peak  13 

-ch2- 

Group  5 

peaks  17,18 

Aromatic  stretch 

Group  6 

peaks  19,20,21,22 

Aromatic  wag 

Group  7 

all  other  peaks 

To  estimate  the  significance  of  each  of  these  groupings,  the  peak 
contributions  from  Table  5  were  added  algebraically  within  the  above  groups  and 
normalized  by  the  algebraic  sum  of  all  the  peaks.  The  results  of  this  computation 
together  with  the  fit  correlations  are  shown  in  Table  6  for  several  measured 
parameters.  These  groupings  help  provide  an  understanding  of  the  correlation 
between  the  actual  infrared  spectra  and  various  measured  properties  of  the  fuel. 

The  sign  of  the  entry  in  Table  6  indicates  the  direction  of  the  effect,  and  the 
amount  of  the  entry  is  the  magnitude  of  the  effect.  As  an  example,  the  soot  items 
(dome  radiation,  smoke  number  and  soot  ( EFR ) )  all  are  strongly  depressed  by  the 
first  three  columns  in  Table  6  which  represent  ^-hydrogens.  In  contrast,  the 
total  hydrogen  is  positively  correlated  with  the  ^-hydrogen,  as  expected. 

The  groups  selected  for  Table  6  are  only  those  which  gave  major  contributions 
to  all  the  dependent  variables.  The  balance  of  the  information  is  spread  among  the 
remaining  peaks  as  indicated  by  the  column  labeled  "other". 

The  results  indicate  that  all  fuels  have  an  "intrinsic"  sooting  potential 
which  is  strongly  depressed  by  aliphatic  hydrogen  in  locations  which  make  it 
readily  available  for  capping  of  radicals  (i.e.  ot- and  (i  -  to  the  aromatic  rings). 
The  presence  of  aromatic  structures  only  weakly  increases  the  sooting  potential 
(compared  to  the  strong  decreasing  effect  of  the  aliphatics). 
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TABLE  6 


INFLUENCE  OF  STRUCTURAL  FEATURES  ON  MEASUREMENTS 

(fractional  peak  areas) 


Corrjp 

R-CHgR 

R-CHg 

-R-R- 

ch2- 

Ar 

Stretch 

Ar 

Wae 

Other 

SootCEFR) 

0.890 

-15 

-24 

-10 

-8 

15 

24 

-4 

0.854 

20 

15 

8 

3 

-9 

-24 

20 

Dome  Radiation 

0.979 

-11 

-16 

-7 

-6 

7 

18 

35 

Smoke  Number 

0.958 

-9 

-14 

-7 

-8 

9 

16 

37 

fltotal 

0.990 

10 

19 

7 

4 

-9 

-17 

-34 

Aromatics 

0.981 

-19 

-20 

-9 

-1 

16 

21 

16 

Saturated  H/C 

0.984 

20 

17 

8 

1 

-15 

-21 

-18 

Density 

0.968 

-4 

-24 

-9 

-9 

0 

12 

41 

Flash  Point 

0.682 

16 

1 

2 

0 

-13 

-17 

-51 

FYeezePt 

0.752 

4 

-32 

-6 

-14 

-7 

16 

20 

Olefins 

0.612 

3 

12 

-4 

-7 

-6 

0 

72 

Paraffins 

0.962 

-10 

30 

5 

5 

-5 

-7 

-39 

Smoke  Point  (mm) 

0.916 

5 

13 

6 

9 

-8 

-20 

-41 

Viscosity 

0.918 

-16 

-15 

-14 

-9 

-12 

-3 

30 

Conclusion 


The  results  of  this  study  show  that  the  characterization  of  the  liquid  fuels 
by  FT-  IR  spectra  can  be  concisely  summarized  by  a  few  factors  which  can  reproduce 
the  spectra  to  within  experimental  error.  Secondly,  these  factors  can  be  used  to 
predict  the  combustion  properties  of  the  fuels,  in  particular  the  sooting  behavior. 
Third,  the  regressions  used  to  predict  soot  can  be  used  to  determine  structural 
functional  groups  which  are  important  for  sooting  behavior. 

Task  III  -  Drop  Vaporization  Studies  -  (deleted  from  original  contract). 

Task  IV  -  Modeling 

The  objective  of  this  task  was  to  develop  models  to  correlate  combustion 
behavior  with  fuel  properties.  Progress  was  made  in  three  areas.  The  hydrocarbon 
cracking  model  began  in  Phase  I  was  extended  using  a  modified  Rice-Kossiakoff- 
Herzfeld  (RKH)  mechanism.  This  model  predicts  the  decomposition  of  long  chain 
aliphatics  into  small  molecules,  (C2H2,  C2H4,  H2).  Secondly,  a  soot  model  based  on 
published  free  radical  mechanisms  and  rates  (23  and  refs,  therein)  was  implemented 
on  our  minicomputers  and  used  to  predict  the  growth  of  the  soot  precursors  from  the 
small  molecules  produced.  Third,  a  heat  transfer  model  was  developed  to  provide 
the  temperature-time  profiles  required  by  both  models. 

Examining  the  data  of  Task  I,  for  the  simple  hydrocarbons,  as  well  as  for  the 
jet  fuels,  shows  that  all  the  fuels  appear  to  crack  down  to  these  small  species. 
Thus  the  modeling  approach  has  been  to  combine  the  hydrocarbon  cracking  model, 
which  can  treat  large  "generic"  hydrocarbons,  with  the  soot  submodel  which  uses 
specific  small  chemical  species.  The  comparison  between  models  and  experiment  look 
very  encouraging.  In  this  section  we  discuss  the  two  models,  together  with  the 
heat  transfer  model  and  comparison  with  the  pyrolysis  measurements  of  Task  I. 

Hydrocarbon  Cracking  Model 

As  a  result  of  the  combined  Phase  I  and  Phase  II  SBIR  programs,  a  kinetic 
model  for  the  pyrolysis  of  complex  mixtures  of  hydrocarbons  was  developed.  This 
free  radical  model  uses  conventional  elementary  reaction  steps  and  rate  constants 
taken  from  the  literature.  It  was  extensively  validated  using  both  in-house  and 
literature  data.  The  reactions  which  have  been  included,  their  rate  constants,  and 
literature  references  (31,32)  are  listed  in  Table  7. 

The  model  makes  predictions  for  the  concentrations  of  H2,  alkanes,  1-alkenes, 
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TABLE  7  -  Hydrocarbon  Cracking  Modelj  k  *  AT"  exp(-E/RT) 

1#«io*  „  *  ^  * 


ur 


iiiJ 


INITIATION 
1. 


*c2h5 

TERMINATION: 

7.  R  +  R’ 

DECOMPOSITION: 


RR’ 


c2h6  +  M  + 
*.C3H6  ♦  H 


Zi , J+20R 
H  TRANSFERS: 


7i  i-3®i-2  +  *i  l-3*'2®5|  1^** 

I  ,wo.,  +  Vh2prv  1>-5:  i-3.1"2 
■r}:f  j-W-j  ;  *r, o-Si  j-3-i-i 

Zi  ▼  Zi  t— 2^"3*  ^ 

Zi*l-3*>i-2  *  Z1*1-3C2H5* 

21  +  ^i,l-4-lRRV  J“3,i-4 

2l’,J+2  °i-J  +  Zl,3+2  0RJ*  12  ”5’  i"3»1-2 


CH, 

2  +  C2R5 


CjH7  ♦  ♦  C3H5 

CjH7  +  Rfl - >CjH8  ♦  R 

Cj»4  +  H 


C2H3 

C,H, 


,C3H6  ♦  H 
•  C,H 


3"6  +  c2H5 


3h5 


+  c3h. 


R  +  C}H, 
R  ♦  R*H 


c3h8 

RH - a^H*  +  R 

♦  RH  ♦  H 

♦  RH  +  C,H 
RH  ♦ 

RH 


2"5 

c3h7 


♦  c,h5 

♦RH  +  Rt 


ADDITIONS: 
53.  H  ♦  C 
3*. 


ISOKERIZATIONS 

59.  2-C5Ha_ 

60. 


2"Ct>Hl3- 


1+1 


‘-CsHn 

,1-C6H13 


19.35 

-1.0 

88.3 

• 

16.9 

0.0 

85.1 

b 

17.5 

0.0 

85.7 

b 

16.8 

0.0 

85.6 

b 

16.6 

0.0 

82.1 

b 

16.8 

0.0 

81.9 

b 

9.8 

0.0 

0.0 

Teat 

12.3 

0.0 

30.0 

• 

13.9 

0.0 

60.4 

b 

13.2 

0.0 

38.6 

b 

13.1 

0.0 

32.5 

b 

11.9 

0.0 

31.5 

• 

13.9 

0.0 

33.0 

b 

13.9 

0.0 

33.0 

b 

12.7 

0.0 

29.1 

b 

12.7 

0.0 

29.1 

b 

13.6 

0.0 

28.8 

b 

13.6 

0.0 

28.8 

b 

13.9 

0.0 

33.0 

b 

12.7 

0.0 

29.1 

b 

13.6 

0.0 

28.8 

b 

13.6 

0.0 

28.8 

b 

11.0 

0.0 

11.9 

a 

-.27 

3.5 

5.2 

a 

10.8 

0.0 

7.7 

b 

6.18 

2.0 

6.0 

a 

11.0 

0.0 

3.5 

b 

11.1 

0.0 

7.7 

b 

9.68 

0.0 

11.43 

a 

-3.26 

4.0 

8.28 

a 

8.8 

0.0 

10.5 

b 

8.2 

0.0 

8.8 

b 

8.6 

0.0 

9.6 

b 

-.01 

3.5 

27.32 

a 

7.48 

0.0 

12.5 

a 

7.7 

0.0 

10.4 

b 

8.0 

0.0 

9.8 

b 

8.0 

0.0 

10.4 

b 

9.2 

0.0 

15.4 

b 

8.5 

0.0 

12.3 

b 

8.0 

0.0 

9.8 

b 

8.0 

0.0 

10.4 

b 

3.26 

2.0 

5.11 

a 

10.5 

0.0 

19.7 

b 

8.9 

0.0 

20.5 

b 

8.5 

0.0 

16.1 

b 

8.5 

0.0 

16.4 

b 

9.5 

0.0 

15.7 

b 

8.5 

0.0 

12.3 

b 

8.0 

0.0 

10.4 

b 

8.0 

0.0 

9.8 

b 

8.0 

0.0 

10.4 

b 

10.6 

0.0 

2.6 

b 

9.9 

0.0 

2.9 

b 

9.9 

0.0 

2.9 

b 

8.1 

0.0 

7.7 

b 

8.5 

0.0 

9.1 

b 

8.3 

0.0 

8.9 

b 

10.7 

0.0 

23.4 

b 

8.9 

0.0 

11.1 

b 

c.  K.  Weitbrook,  F .  L.  Dryer,  and  K.  P.  Schug,  Nineteenth  Syapostua  (Int’l)  on  Coabustlon, 
The  Coabustlon  Institute,  153-166  (1982)  (Ref.  31). 

b.  D.  L.  Allara  and  R.  Shaw,  J.  Phya.  Che a.  Ref.  Data,  9,  (3),  523-559  (1980)  (Ref.  32). 
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acetylene,  dienes,  H  radical,  alkyl  radicals  and  alkenyl  radicals.  The  model 
includes  specific  rates  for  species  with  four  or  less  carbons  and  general  rates 
for  species  with  4  or  more  carbons.  Consequently,  the  program  can  easily  be 
recompiled  to  handle  arbitrarily  long  hydrocarbon  chains  but  is  presently 
restricted  to  straight  chain  aliphatics.  It  would  be  straightforward  to 
incorporate  the  cracking  of  additional  hydrocarbon  species,  such  as  napthene  into 
thi  s  model . 

The  cracking  of  normal  paraffins  in  the  temperature  range  of  400-1000  K  is 
wel 1-described  by  the  Rice,  Kossiakoff,  and  Herzfeld  (RKH  mechanism)  (33-36): 
large  paraffinic  radicals  are  formed  by  initiation  or  hydrogen  transfer  steps  and 
then  decompose  via  successive  /^-eliminations  of  1-olefins  to  make  methyl  and  ethyl 
radicals.  These  small  radicals  then  abstract  hydrogens  from  the  heavier  paraffins 
to  stabilize  as  methane  and  ethane  and  propagate  the  chain  reaction.  In  the 
simplest  form  of  this  mechanism,  the  larger  paraffinic  radicals  either  continue  to 
decompose  or  are  stabilized  by  abstracting  hydrogens  from  other  large  paraffins. 

It  has  been  found,  however,  that  ethylene  yields  (ethylene  forms  from  radicals  on 
the  ends  of  the  paraffin  chains)  are  too  high  from  the  simplest  model.  To  correct 
this  shortcoming,  it  is  assumed  in  the  complete  RKH  mechanism  that  all  radicals 
with  chain  lengths  greater  than  five,  internally  isomerize  (33).  Several 
researchers  have  tested  this  modified  mechanism  and  have  found  good  agreement  with 
experiment  (36-40). 

In  developing  our  hydrocarbon  cracking  model,  we  have  tried  to  extend  the  RKH 
model  to  higher  temperatures.  This  has  been  accomplished  by  including  mechanisms 
for  the  decomposition  of  ethyl  radical  to  ethylene  (reaction  8),  propyl  radical  to 
propylene  (reactions  9  and  10),  vinyl  radical  to  acetylene  (reaction  12);  for 
hydrogen  abstractions  from  all  gas  species  by  H  radical  (reactions  23  through  28) 
and  by  larger  radicals  from  both  small  and  large  molecules  (reactions  29  through 
52);  and  for  additions  to  olefins  by  H  and  CH3  radicals  (reactions  53  through  58). 
Rather  than  assuming  that  heavy  radicals  always  isomerize  before  decomposition,  we 
have  also  included  isomerization  rates  (reactions  59  and  60)  which  are  used  to 
determine  the  extent  of  isomerization  in  competition  with  the  other  processes  which 
can  create  or  destroy  large  radicals. 

Many  of  the  rate  constants  used  in  the  model  were  taken  unchanged  from  an 
excellent  compilation  by  Westbrook  and  Dryer  (31)  and  All ara  and  Shaw  (32).  Some 
of  these  rate  constants  were  adjusted  slightly  for  the  following  two  reasons:  1) 

Adjustments  were  made  within  the  reported  error  tolerances  to  make  the  model's 
predictions  agree  better  with  the  experiment.  2)  Since  these  rate  constants  were 
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collected  to  describe  the  pyrolysis  of  n-alkanes  in  the  temperature  range  of  700- 
850  K,  adjustments  were  made  in  the  Arrhenius  parameters  to  better  fit  higher 
temperature  data  while  still  maintaining  the  same  rate  at  775  K. 

The  model  is  solved  using  the  steady  state  (SS)  approximation  to  calculate  new 
radical  populations  at  the  start  of  each  integration  step.  According  to  Benson 
(41),  steady  state  approximations  are  valid  as  long  as  radical  populations  are 
small  relative  to  gas  populations.  This  has  been  the  case  in  all  our  simulations 
for  temperatures  up  to  1500  K.  The  initial  results  using  literature  rate  constants 
provide  good  agreement  with  data.  The  accuracy  of  the  SS  method  has  been  checked 
by  comparison  to  complete  integration  procedures  using  Gear's  method  (42). 

The  model  involves  two  additional  approximations  which  greatly  simplify  the 
computer  coding  and  reduce  the  run  times  significantly.  1)  A  single  termination 
rate  constant  is  used  and  2)  only  one  alkyl  radical  and  one  alkenyl  radical  are 
included  for  each  hydrocarbon  chain  length  in  the  simulation.  The  di stributions  of 
radicals  over  the  various  carbons  in  each  of  these  species  are  given  by  normalized 
stoichiometric  coefficients.  The  value  of  the  single  termination  rate  is  used  as 
the  adjustable  parameter  in  each  simulation. 

The  net  effect  of  the  SS  and  single  recombination  rate  assumptions  is  that 
radical  populations  are  calculated  at  the  start  of  each  integration  step  by  the 
solution  of  a  single  quadratic  equation  for  the  total  radical  population  and  a 
system  of  linear  algebraic  equations  for  the  individual  radical  populations.  The 
problems  associated  with  stiffness  in  the  differential  equations  used  in  this 
kinetic  model  are  eliminated,  large  time  steps  can  be  used,  and  computer  run-times 
are  short. 

If  the  model  of  Table  7  were  solved  exactly  for  a  mixture  of  C20  alkanes, 

coupled  stiff  differential  equations  for  59  gases  (H2,  20  alkanes,  19  alkenes,  and 

19  dienes)  and  for  283  radicals  (H,  110  alkyl,  and  172  alkenyl)  would  have  to  be 
solved.  The  assumptions  of  steady  state  conditions  and  a  single  termination  rate 
constant  reduce  the  problem  to  59  coupled  nonstiff  differential  equations  for  the 
gases,  a  quadratic  equation  for  Rtotal  »  ancl  solution  of  a  system  of  282  linear 
algebraic  equations  for  the  radicals.  Introduction  of  the  stoichiometric 
coefficients  further  reduces  the  algebraic  equations  to  a  system  of  40  linear 
equations  for  the  radicals  (H,  20  alkyl,  19  alkenyl)  and  iterative  solution  of  277 

equations  for  the  coefficients.  The  net  effect  of  all  three  approximations  is  an 

enormous  decrease  in  computer  run-times. 
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For  a  model  describing  the  cracking  of  mixtures  of  n-alkanes  up  through  Cg, 
accurate  simulations  for  temperatures  up  to  1500  K  can  be  run  on  a  PDP  11/23 
laboratory  minicomputer  in  less  than  15  minutes.  Run  times  have  been  decreased 
by  nearly  a  factor  of  10  on  a  Sun  or  Apollo  workstation.  These  short  run-times 
have  greatly  aided  in  debugging  and  validating  the  current  model. 

The  model  needs,  as  inputs,  the  temperature-time  profile  for  the  reactor 
(obtained  from  the  heat  transfer  model  discussed  below),  initial  concentrations, 
the  pressure,  and  the  integration  step  size.  A  standard  kinetics  file  is  used  for 
all  simulations.  Outputs  from  the  model  are:  calculated  time,  temperature,  gas 
concentrations  (H2,  paraffins,  olefins,  acetylene  and  dienes),  radical 
concentrations  (H,  alkyl,  alkenyl  and  total)  and  radical  reaction  velocities  for 
all  the  categories  of  reactions  listed  in  Table  7. 

Simulations  have  been  carried  out  for  both  in-house  and  literature  data  and 
the  results  are  generally  in  good  agreement  with  experiment  (43,44).  In  Fig.  62, 
comparisons  between  theory  and  experiment  are  presented  for  the  pyrolysis  of  ethane 
at  several  temperatures.  These  data  were  collected  in  the  entrained  flow  reactor 
at  AFR  using  in-situ  FT-IR  analysis.  Good  results  were  also  obtained  fitting  data 
on  shock  tube  pyrolysis  of  octane  (Doolan  and  Mackie,  45),  as  shown  in  Fig.  63.  In 
Fig.  64  results  of  simulations  for  the  cracking  of  hexadecane  at  68  atm  (1000  psig) 
pressure  are  presented.  These  are  compared  with  the  data  of  Fabuss  and  coworkers 
(46),  for  carbon  number  distribution.  Data  and  simulations  are  presented  in  Fig. 

65  for  atmospheric  pressure  pyrolysis  of  Solpar  (47),  a  mixture  of  Cj^-C^  n" 
alkanes.  In  this  case  the  products  are  predominantly  olefinic  at  high  conversions. 

Additional  details  of  the  hydrocarbon  cracking  model  are  given  in  the  paper 
"A  Kinetic  Model  for  the  Pyrolysis  of  Large  N-Alkanes,"  which  is  included  as 
Appendix  C. 

For  the  purpose  of  combining  this  model  with  the  soot  submodel  in  the  next 
section,  first  the  reactions  involving  CgHg,  C2H4,  C2H3,  were  removed  and  replaced 
with  the  corresponding  reactions  from  the  soot  submodel.  The  consequence  of  this 
will  be  discussed  below. 

Soot  Model 

Our  initial  approach  to  extending  the  hydrocarbon  cracking  model  to  soot 

formation  was  to  add  reactions  for  the  growth  of  pol yacetyl enes  (25)  to  the 
existing  hydrocarbon  cracking  model.  This  did  not  work  because  the  approximations 
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Figure  62.  Pyrolysis  of  Ethane  at  Several  Temperatures, 

Experiment  (symbols)  and  Theory  (lines).  Gas  Velocity  =  1  m/sec, 

Pressure  =  1  atm,  Concentration  =  1.2  x  10-4  moles/liter,  a)  800°C  b) 
900°C,  c)  1000°C, and  d)  1100°C. 
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Figure  63.  Shock-Tube  Pyrolysis  of  Octane  Using  Modified 
Initiation  Rates  (45).  Experiment  (E)  and  Theory  (T). 
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used  in  the  solution  of  this  model  break  down  with  the  addition  of  these  additional 
species  and  reactions  (steady-state  radical  populations,  independent  isomerization 
of  radicals).  The  major  "bad-actor"  species  for  the  steady-state  approximations 
were  C2H2  and  C2H.  At  low  temperature  the  radical  C2H  was  in  steady-state 
equilibrium  with  the  C2H2,  but  at  high  temperature  the  reverse  occurred,  with  the 
C2H2  appearing  to  be  in  chemical  equilibrium  with  the  radicals. 

With  this  background  then,  we  obtained  a  Gear's  method  integration  package 
from  Dr.  Ripudaman  Malhotra  of  Stanford  Research  Institute.  This  package  was 
written  by  Gary  Z.  Whitten  of  Systems  Applications,  Inc.  and  incorporates  the  Gear 
integration  package  of  Hindmarsh  (48).  The  version  we  obtained  was  modified  to  run 
on  a  DEC  PDP11.  At  the  time  of  our  initial  work  on  this,  we  were  limited  to  the 
use  of  a  small  POP  11/23  microcomputer,  which  allowed  the  use  of  only  40  species 
and  100  explicit  reactions.  With  the  acquisition  of  larger  workstations  (Sun 
3/260),  we  have  now  modified  this  package  to  run  under  UNIX  and  to  use  400 
reactions,  and  100  species,  and  now  the  code  includes  the  computation  of  reverse 
reactions  from  thermodynamic  tables  in  the  NASA  format. 

Because  of  these  initial  computer  limitations  our  initial  reaction  set  of  33 
soot  reactions  were  those  of  Tanzawa  and  Gardiner  (24)  for  acetylene  and  Kiefer 
(25)  for  ethylene,  together  with  a  very  small  number  of  reactions  from  Frenklach, 
et  al.'s  (23,49-53)  soot  model  for  the  production  of  soot.  From  this  base,  we 
ar^roached  the  current  form  of  the  model,  which  is  basically  a  subset  of  Frenklach 
et  al.'s  model  with  additional  reactions  for  the  cracking  of  long  chain 
hydrocarbons ,  based  on  the  hydrocarbon  cracking  submodel.  Frenklach* s  model  is 
based  on  Tanzawa  and  Gardiner's  acetylene  model,  which  leads  to  polyacetylenes. 

The  rest  of  Frenklach' s  mechanisms  included  most  of  the  likely  radical  atom 
reactions.  His  work  uses  literature  values  for  initiation  reactions  (where 
available)  and  rate  classes  for  the  rest.  The  rate  for  each  class  was  determined 
from  either  a  literature  value  for  a  prototype  reaction  in  the  class,  or  from  an 
upper  limit  based  on  collision  theory  if  no  experimental  data  was  available.  That 
work  identified  several  possible  pathways  to  soot,  mainly  involving  the  addition  of 
acetylene  or  hydrogen  to  intermediate  species.  Based  on  this  result,  we  selected 
only  those  species  and  reactions,  that  were  on  these  few  pathways  of  interest,  and 
all  species  not  directly  involved  in  the  main  pathways.  This  eliminated  isomers 
which  do  not  react  in  the  pathway,  which  should  increase  reaction  velocities  for 
the  pathways. 

The  reaction  scheme  we  use  is  shown  in  Table  8.  It  includes  most  of  the 
species  we  see  experimentally  with  the  exception  of  any  C3 1 s .  It  includes: 
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Tanzawa  and  Gardiner's  polyacetylene  reactions  (24)  with  the  exception  of  the 
Cg's;  Kiefer's  ethylene  reactions  (25)  again  with  the  exception  of  the  Cg's; 
Kiefer's  recent  initiation  reaction  (54)  (reaction  118  in  Table  8);  two  basic 
pathways  to  the  first  aromatic  ring;  and  most  of  the  reactions  leading  to 
acenaphthalene.  The  notation  for  the  species  is  that  of  Frenklach  (23,49-53). 

Frenklach  (53)  identified  two  routes  to  the  formation  of  the  first  aromatic 
ring,  a  dominant  one  via  the  CgHg  radical  (reaction  108  and  associated  reactions) 
and  the  other  via  the  C5H7  radical  (reaction  159,  etc).  Other  workers,  Colket 
(55),  Harris  (56),  among  others,  have  also  used  these  pathways.  For  the  shock  tube 
studies  of  those  workers  the  CgHg  path  was  found  to  be  the  dominant  one.  We  have 
found,  however,  for  our  slow  long  residence  time  pyrolyses,  that  the  C5H7  pathway 
is  needed  to  obtain  significant  quantities  of  benzene  in  the  simulation. 

Similarly,  Frenklach  (53)  identified  two  pathways  from  the  first  to  the  second 
ring,  and  found  one  to  be  dominant. 

Again,  we  found  it  necessary  to  add  the  "minor"  route  in  order  to  obtain 
significant  quantities  of  "soot."  This  is  the  mechanism  proposed  by  Bittner  and 
Howard  (57). 

The  soot  growth  modeling  is  ended  at  acenaphthalene,  because  it  is  the  first 
major  "island  of  stability".  For  purposes  of  comparison  with  our  FT-IR 
experiments,  we  plot  everything  heavier  than  benzene  (A^)  as  "soot",  since  that  is 
essentially  the  grouping  of  our  experimental  data  (including  tar). 

The  rates  used  for  the  model  are  listed  in  Table  8  for  the  initiation  steps, 
and  in  Table  9  for  the  class  rates.  The  initiation  rates  are  taken  from 
Frenklach,  et  al .  (23)  and  are  mainly  from  the  literature  of  experimental 
measurements  (24,54,58-61).  The  class  rates  are  also  from  Frenklach  (53)  with  the 
exception  of  class  23,  H  abstraction  of  aryl  H,  and  class  27_,  aryl  additions  to 
triple  bonds,  which  were  reduced  to  agree  with  more  recent  information. 

The  model  in  Table  8  can  be  broken  into  three  parts:  the  first  part  is  taken 
from  the  hydrocarbon  cracking  model  for  butane  (reactions  1  through  100).  For  this 
part  of  the  model,  reverse  reactions  are  entered  explicitly,  as  are  the  rates  for 
the  forward  and  reverse  reactions  (mainly  Refs.  32  and  33  as  discussed  under  the 
cracking  model).  The  second  and  third  parts  follow  Frenklach  and  use  the  principle 

of  detailed  balance  and  thermodynamics  to  calculate  the  reverse  rates,  with  the 
rates  limited  to  1  x  10^ /Wl/mol e//Asec  for  bimolecular  reactions  involving  H  atom 
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Reaction  Rate  Classes,  (see  Frenklach  Ref. 
for  definitions  and  references)  Units  are  (iliters,  moles, 
M-secs,  °K 


Reaction  Class 


E(°K) 


0 . 35000e+10 
0 . 15000e+12 
0.20000e+ll 
0 . 20000e+ll 
0 .55000e+10 
0 .10000e+ll 
0 . 10000E+11 
0 . 10000E+11 
0 . 20000E+11 
0 . 10000E+11 
0 . 1 6000E+11 
0.10000E+11 
0 . 10000E+11 
0 . 10000E+11 
0 . 10000E+10 
0 . 10000E+08 
0.60000E+09 
0 . 10000E+00 
0.10000E+11 
0 . 10000E+05 
0 . 20000E+12 
0 . 10000E+11 
0.25000E+12 
0 .20000E+11 
0 . 10000E+12 
0 .20000E+11 
0 .20000E+10 
0 .20000E+11 
0 .20000E+11 
0 . 10000E+05 
0 . 10000E+11 
0 . 10000E+11 
0 . 20000E+11 
0 .00000E+11 
0 .00000E+11 
0.00000E+11 
0 . 00000E+11 
0.0 


0 . 10580e+04 
0 . 51340e+04 
0 . 00000e+00 
0 . 00000e+00 
0 . 12024E+04 
0.75780e+03 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 12  630e+05 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 81794e+04 
0 . 40897e+04 
0 . 19246e+04 
0 . 00000e+00 
0.75780e+03 
0 . 00000e+00 
0 . 59730e+05 

0 . 80520e+04 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 .00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 . 00000e+00 
0 .00000e+00 
0 . 00000e+00 
0 .00000e+00 
0 .00000e+00 
0.0 
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and  2  x  10*0 /<1 /mol e//tsec  for  reactions  that  do  not  involve  H.  The  second  part  of 
the  model  are  the  reactions  for  which  explicit  rates  have  been  measured  and  the 
third  part  are  those  for  which  class  rates  are  used.  In  Table  8,  the  reaction 
class  is  shown  for  each  reaction,  with  0  indicating  that  the  rate  is  given  in  the 
subsequent  columns,  and  non-zero  indicating  a  reference  to  Table  9.  A  minus  rate 
class  means  that  the  reverse  rate  is  given,  while  a  rate  class  >100  or  <-100 
indicates  a  one-way  reaction.  The  one-way  reactions  are  an  artifact  to  allow  for 
the  lack  of  reactions  beyond  acenaphthal ene. 

Since  one  of  the  key  initiation  steps  is  that  obtained  from  the  experiments  of 
Kiefer  and  presented  at  the  21st  Symposium  (54),  for  consistency  we  have  used  the 
same  thermodynamics  as  he  used  in  determining  the  rate.  Professor  Frenklach  was 
kind  enough  to  send  us  a  copy  of  his  thermodynamics  (the  S8  set)  (50)  for  use  in 
this  modeling.  This  thermodynamic  database  is  computed  from  the  group  additivity 
rules  (62,63).  This  particular  set  has  bond  di sassociation  energies  of  102  and 
120,  kcal/mole  for  the  H-C2H,  and  H-C2H3  bonds,  respectively,  and  a  group  value  of 
25.57  kcal/mole  for  the  Ct  -(Ct)  group  (50). 

Modeling  Results 

The  model  of  Table  8  has  been  used  to  simulate  the  pyrolysis  of  butane  at 
1100°C  and  1300°C,  butane  +  H2,  acetylene  and  benzene  at  1300°C.  These  results, 
together  with  the  experiment  pyrolysis  results  are  shown  in  Figs.  66  through  70. 

The  agreement  is  reasonable  except  for  the  onset  of  sooting,  given  the  fact  that 
the  competing  side  reactions  were  eliminated,  and  the  fact  that  this  reaction 
scheme  and  rates  were  developed  for  modeling  shock  tube  data.  The  agreement  for 
the  light  species  is  of  the  correct  order  of  magnitude  and  is  usually  within  a 
factor  of  two  to  five  for  the  major  species. 

In  order  to  obtain  a  good  degree  of  fit,  the  class  rate  (21)  for  initiation  of 
phenyl  and  H  atoms  from  benzene  was  increased  by  a  factor  of  100  in  the  simulations 
shown.  This  has  a  significant  effect  on  the  soot  production  (all  the  reactions 
leading  to  the  second  ring)  and  causes  the  agreement  with  experiment  for  soot  to  be 
quite  good.  The  lack  of  the  biphenyl  reactions  should  have  no  effect  on  the 
acetylene  pyrolysis,  so  the  under  prediction  of  soot  with  the  measured  phenyl 
recombination  rate  is  probably  due  to  lack  of  knowledge  of  rates,  or  to  the 
uncertainty  in  the  thermodynamics.  The  sensitivity  of  these  computations  to  the 
choices  made  for  the  thermodynamics  data  is  well  known,  but  we  have  found 
indications  that  this  may  not  be  as  strong  a  sensitivity  for  our  pyrolyses  as  for 
the  shock  tube  experiments.  We  have  not  done  a  proper  sensitivity  analysis,  but 


102  - 


V 


rv;  r’vj  r;  rj  yiy.  ir; 


Tr-r-r*'  ?  tto  w  vj  ^  o  v  m« 
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Figure  66.  Comparison  of  Experiment  with  Simulations  for  Butane 
Pyrolysis  at  1100°C  as  a  Function  of  Reaction  Distance, 
a)  Experimental  Data,  b)  Simulation  with  Rates  of  Table  9  and 
c)  Simulation  with  Class  Rate  21  Increased  by  Factor  of  100. 
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Figure  67.  Comparison  of  Experiment  with  Simulations  for  Butane 

Pyrolysis  at  1300°C  as  a  Function  of  Reaction  Distance, 
a)  Experimental  Data,  b)  Simulation  with  Rates  of  Table  9  and 
c)  Simulation  with  Class  Rate  21  Increased  by  Factor  of  100. 
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Figure  68.  Comparison  of  Experiment  with  Simulations  for  Butane 
Plus  Hydrogen  Pyrolysis  at  130()°C  as  a  Function  of  Reaction  Distance 
a)  Experimental  Data,  b)  Simulation  with  Rates  of  Table  9  and 
c)  Simulation  with  Class  Rate  21  Increased  bv  Factor  of  100. 
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Figure  69.  Comparison  of  Experiment  with  Simulations  for 
Acetylene  Pyrolysis  at  1300°C  as  a  Function  of  Reaction  Distance 
a)  Experimental  Data,  b)  Simulation  with  Rates  of  Table  9  and 
c)  Simulation  with  Class  Rate  21  Increased  by  Factor  of  100. 
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Benzene  1300°C 
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Figure  70.  Comparison  of  Experiment  with  Simulations  for  Benzene 
Pyrolvsis  at  1300°C  as  a  Function  of  Reaction  Distance, 
a)  Experimental  Data,  b)  Simulation  with  Rates  of  Table  9  and 
c)  Simulation  with  Class  Rate  21  Increased  by  Factor  of  100. 
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during  the  development  of  this  model  we  have  used  a  variety  of  thermodynamic  data 
sets  and  gotten  similar  results. 


For  butane,  the  onset  of  soot  occurs  in  the  right  place  and  the  relative 
amounts  CH4,  C2H4  and  benzene  are  reasonable.  The  initial  cracking  of  butane  to 
form  ethylene  is  too  fast,  but  this  effect  was  present  in  the  original  hydrocarbon 
cracking  model,  and  can  be  attributed  to  the  neglect  of  the  endothermic  reaction 
heat.  Doubling  the  specific  heat  of  butane  to  simulate  the  heat  of  reaction  cuts 
the  effective  cracking  rate  in  half  and  gives  good  agreement  for  the  16  cm 
simulation  in  Figs.  66  and  67.  A  similar  effect  is  apparent  in  the  acetylene 
simulation  (Fig.  69). 

The  benzene  pyrolysis  simulation  (Fig.  70)  does  not  include  the  biphenyl 
formation  reaction,  and  thus  may  be  seriously  under-predicted.  It  has  been 
suggested  that  this  reaction  is  not  needed  because  enough  benzene  decomposes  to 
form  the  acetylene  and  vinyl  needed  to  build  up  the  second  aromatic  ring.  In  any 
case,  the  benzene  simulation  is  not  bad. 

Heat  Transfer  Model 


A  heat  transfer  model  was  developed  for  the  atmospheric  pressure  entrained 
flow  reactor  (EFR).  The  model  was  used  to  simulate  the  time- temperature  history 
experienced  by  an  average  hydrocarbon  molecule  injected  into  the  EFR  at  a  specified 
set  of  conditions.  The  development  was  based  on  a  successful  model  used  to  model 
coal  particle  time- temperature  histories  in  the  same  reactor.  The  major 
difference  is  that  the  coal  particles  are  largely  confined  to  the  center  of  the  2 
inch  diameter  reactor  by  virtue  of  their  greater  mass,  while  hydrocarbon  molecules 
rather  quickly  diffuse  to  the  reactor  walls. 

The  version  of  the  model  used  in  the  current  program  included  an  adjustable 
parameter,  ,  which  controlled  the  rate  of  mixing  of  the  hydrocarbon  with  the  N2 
main  gas.  The  value  of  was  chosen  for  each  injector  position  in  order  to  best 
match  the  average  gas  temperature  at  the  reactor  window,  as  measured  by  FT-IR 
emission  spectroscopy. 

Figure  71  presents  an  example  of  a  normalized  emission  (emission/(  1- 
transmi ssion) )  overlayed  with  a  theoretical  black-body  temperature  of  1040  K. 

Fairly  good  black-body  shape  is  achieved  in  the  spectral  regions  where  the  hot 
hydrocarbon  gases  absorb  and,  hence,  emit  radiation.  Figure  70  compares  the 
temperature  indicated  by  the  hot  stream  for  each  reaction  distance  with  that  of 
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Figure  71.  Normalized  Emission  Spectrum  of  Butane  Pyrolysis 
(1100°C,  66  cm  Reaction  Distance).  Theoretical  Black-Body  Curve 
Corresponds  to  1040  K. 
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thermocouple  measurements  of  the  reactor  wall  at  the  optical  ports.  As  expected, 
the  experiments  done  at  the  longer  reaction  distances  indicate  a  gas  temperature 
that  is  higher  than  the  thermocouple  measurements,  but  that  are  somewhat  lower  than 
the  nominal  reactor  temperature  of  1373  K.  This  is  due  to  the  optical  section 
being  located  outside  the  heated  section  of  the  reactor,  which  allows  the  gases  to 
cool . 


The  model  predictions  are  compared  to  the  measured  values  in  Fig.  72.  In 
general,  the  agreement  was  within  20°C.  Of  course,  the  agreement  between  the 
measured  and  calculated  temperatures  is  not  a  complete  validation  of  the  model 
because  the  fuel  temperature  as  a  function  of  the  distance  from  the  injector  varies 
with  the  injector  position  and  the  temperature  is  measured  only  at  one  position  in 
the  reactor.  However,  validation  of  the  model  at  several  different  injector 
positions  and  more  than  one  reactor  temperature  (1100,  1300°C)  helps  to  establish 
confidence  in  the  model . 

The  model  was  validated  against  measurements  made  for  butane  pyrolysis 
experiments  at  1100  and  1300°C.  Next  the  heat  transfer  model  was  incorporated  into 
the  hydrocarbon  cracking  model  as  a  subroutine  which  provided  an  updated  average 
temperature  after  each  time  increment.  The  cracking  of  butane  was  modeled  fairly 
well,  although  the  overall  rate  appeared  to  be  a  little  fast  (Figs.  66  through  68). 
It  was  thought  that  neglect  of  the  endothermic  reaction  heat  may  be  responsible. 

While  the  heat  transfer  model  was  validated  against  butane  pyrolysis.  The 
assumption  was  that  the  time-temperature  histories  is  primarily  controlled  by  the 
mixing  of  the  cold  and  hot  streams,  which  would  be  similar  for  both  species  and  was 
therefore,  used  for  all  the  simulations. 

The  time-temperature  profiles  from  these  simulations  are  shown  in 
Figs.  73  and  74. 

Concl us  ions 

The  comparisons  of  the  simulations  and  the  experiments  show  an  improvement 
over  previous  work  in  that  the  model  predicts  to  within  a  factor  of  two  the  correct 
values  for  the  major  species,  and  with  some  adjustment  of  rates,  can  predict  the 
onset  of  sooting  correctly.  More  work  needs  to  be  done  in  terms  of  sensitivity 
analyses  in  terms  of  thermodynamics,  important  reactions,  and  kinetics. 
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Figure  72.  Measured  Average  Gas  Temperatures  for  the  Complete 
Set  of  Data  of  Which  Fig.  71  is  Part  (  #)  Compared  with  the  Reactor 
Wall  Temperature  at  Window  Height  as  Measured  by  a 
Thermocouple  (A).  ( — )  Predictions  of  Heat  Transfer  Model  for 
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Figure  73.  Temperature  Simulation  for  the  Entrained  Flow  Reactor 
at  1100°C  for  Butane.  The  Fuel  is  Injecting  at  20°C  (293  K)  at  the 
Position  Indicated,  and  Traverses  the  Reactor,  Exiting  at  0  cm. 
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Figure  74.  Temperature  Simulation  for  the  Entrained  Flow  Reactor 
at  1300°C  for  Butane.  The  Fuel  is  Injecting  at  20°C  (293  K)  at  the 
Position  Indicated,  and  Traverses  the  Reactor,  Exiting  at  0  cm. 


Task  V  -  High  Pressure  Experiacnts 


A  set  of  pyrolysis  experiments  was  done  at  high  pressure  (200  psig)  with  a 
selected  set  of  fuels.  These  experiments  were  done  in  a  modified  version  of  our 
heated  tube  reactor  (HTR),  discussed  in  Section  II.  Originally  the  experiments 
were  planned  for  our  high  pressure  entrained  flow  reactor  (HPR),  but  satisfactory 
material  balances  were  not  achieved  in  that  system  which  was  designed  for  pyrolysis 
of  solid  fuels.  To  eliminate  this  problem,  the  experiments  were  done  in  a  version 
of  the  HTR  (see  Fig.  8)  which  included  the  pressure  and  flow  control  system  from 
the  HPR  (see  Fig.  9).  The  important  features  of  the  pressurized  HTR  are  given  in 
Fig.  75.  Unfortunately,  the  maximum  operating  temperature  was  limited  to  800°C  at 
200  psig.  The  residence  time  at  the  maximum  temperature  was  about  1.3  s. 

The  results  of  experiments  with  ten  fuels  are  shown  in  Table  10.  All  of  the 
product  yields  are  given  in  weight  percent.  The  condensable  products  were 
collected  in  two  locations  (refer  to  Fig.  75);  from  a  U-tube  cooled  in  a  water  bath 
and  from  a  Bal ston  filter.  The  products  from  both  locations  were  soluble  in 
organic  solvents  like  acetone  and  were  liquid  in  every  case  except  for  tetralin 
where  some  solid  crystals  (probably  naphthalene)  were  found.  The  yield  of  products 
collected  on  the  filter  was  determined  gravimetrical ly.  The  yield  of  products  from 
the  U-tube  was  determined  by  washing  with  acetone  and  analyzing  the  extract  in  a 
capillary  GC,  using  an  average  FID  response  factor.  The  acetone  extract  from  the 
U-tube  and  filter  housing  was  filtered  and  the  amount  of  coke  (residue)  determined. 
This  was  negligible  in  every  case,  as  expected,  since  soot  formation  should  be 
unimportant  under  these  conditions. 

The  yields  of  gases  were  determined  by  a  separate  GC  system  configured  as  a 
refinery  gas  analyzer.  This  produced  a  backflush  peak  which  included  Cg 
hydrocarbons  and  above.  A  molecular  weight  needed  to  be  assumed  for  this  peak  to 
estimate  the  material  balance  closure.  A  value  equal  to  that  of  the  parent 
hydrocarbon  was  assumed  in  each  case  (see  note  c  in  Table  10).  The  estimated 
material  balances  ranged  between  80  and  120  percent  as  indicated  by  the  last  column 
in  Table  10.  Of  course,  some  of  this  variability  is  due  to  assumptions  regarding 
the  GC  response  factors. 

In  order  to  determine  the  effects  of  increased  pressure,  a  comparison  was 
made,  on  a  relative  basis,  of  the  important  gas  species  yields  for  the  experiments 
done  under  pressure  with  experiments  done  at  one  atmosphere  pressure,  1300°C 
reactor  temperature,  26  cm  reactor  distance  in  the  entrained  flow  reactor  (see 

Appendix  A).  Under  the  latter  conditions,  it  was  estimated  that  the  fuel  reached  a 
maximum  temperature  of  900°C.  Since  the  reaction  severities  were  not  identical  in 
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Capillary  Tube 


Figure  75.  Schematic  of  Pressurized  Heated  Tube  Reactor. 


SU*tARY  OF  HIGH  PRESSURE  PYROLYSIS  EXPERIMENTS  WITH  SEVERAL  FUELS 


the  two  cases,  the  comparisons  were  made  based  on  examining  the  ratio  of  the  yields 
of  C2H6,  CH4  and  H2  to  the  C2H4  yield.  These  ratios  are  usually  fairly  constant 
over  a  wide  range  of  conversions  in  primary  hydrocarbon  pyrolysis.  The  calculated 
ratios  are  given  in  Table  11  for  fuels  which  have  comparable  1  atm  and  15  atm 
experiments.  The  hydrocarbon  partial  pressure  ranged  from  about  0.006  atm  in  the 
1  atm  total  pressure  experiments  to  about  0.18  atm  in  the  15  atm  total  pressure 
experiments,  a  factor  of  30  increase. 

Most  of  the  previous  work  on  effects  of  pressure  on  hydrocarbon  pyrolysis  has 
been  done  on  linear  aliphatic  fuels,  principally  hexadecane.  This  literature, 
which  is  rather  sparse,  was  recently  reviewed  by  Rebick  (64).  Pressure  is  known  to 
have  a  modest  effect  on  the  overall  rate  and  a  more  significant  effect  on  the 
product  selectivity  (64).  As  the  hydrocarbon  partial  pressure  increases,  the  rates 
of  bimolecular  reactions,  like  hydrogen  abstraction,  increase  faster  than  the  rates 
of  unimolecular  reactions,  like  radical  decomposition.  The  result  is  an  increase 
in  the  selectivity  toward  paraffin  products  relative  to  olefins.  These  effects  can 
be  predicted  by  the  AFR  hydrocarbon  cracking  model  (44)  discussed  in  Section  IV, 
which  matches  literature  data  on  high  pressure  (68  atm)  pyrolysis  of  hexadecane  as 


well  as  data  for  1  atm  pyrolysis  of  Solpar  (compare  Figs.  64  and  65).  For 
example,  increasing  pressure  would  favor  the  following  bimolecular  reaction: 

C2H5.  +  RH  ■  ►  C2Hg  +  R* 

over  these  unimolecular  decompositions: 


This  phenomenon  would  result  in  an  increase  in  the  yield  ratio  of  ethane  to 
ethylene  with  increasing  pressure.  The  yield  ratios  of  H2  and  CH4  would  be  less 
affected  by  pressure  since  they  decrease  simultaneously  with  ethylene. 


The  results  in  Table  II  are  largely  consistent  with  this  scheme,  with  the 
exception  of  dodecane.  This  is  somewhat  surprising  in  light  of  the  fact  that  this 
fuel  is  a  linear  aliphatic  and  would  be  expected  to  best  follow  the  above  reaction 
steps.  The  rest  of  the  fuels,  except  decal  in,  either  contain  aromatic  components 
or  groups.  Most  of  our  understanding  of  hydrocarbon  pyrolysis,  in  general,  and  on 
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COMPARISON  OF  GAS  PRODUCT  YIELD  RATIOS  FOR  EXPERIMENTS  AT  1  ATM  AND  15  ATM 


pressure  effects,  in  particular,  has  been  developed  from  work  on  pure  linear 
aliphatic  compounds  like  dodecane  and  hexadecane.  The  effects  of  pressure  on  the 
product  distribution  appears  to  be  most  important  for  dodecane,  decal  in,  tetralin, 
JP8  2429  and  JP8  2414  fuels,  and  least  important  for  the 
JP8  2383  and  JP8  2398  fuels. 

Task  VI  -  Characterization  of  Hulti -Component  Fuel  Sprays  for  6as  Turbine 
Combustors  -  (deleted  from  original  contract). 


IV.  CONCLUSIONS  AND  RECOMMENDATIONS 


During  the  course  of  this  program,  we  have  achieved  a  number  of  significant 
compl i shments : 

•  A  data  base  of  detailed  pyrolysis  measurements  on  a  large  number  of 
fuels,  including  several  high  density,  aromatic  fuels  has  been  created. 
Temperature  varied  from  800°C  to  1500°C,  pressures  from  1  to  15  atm  and 
residence  times  from  100  ms  to  1  sec. 

•  A  key  conclusion  of  Task  I  is  that  in  almost  all  cases  at  one  atmosphere 
the  fuels  have  decomposed  to  form  a  limited  number  of  small  species 
prior  to  the  onset  of  sooting.  The  aliphatic  portion  of  the  fuels  formed 
H2,  C^'s,  and  C2 ' s .  The  aromatic  portion  of  the  fuels  formed  benzene, 
2-ring  and  possibly  3-ring  aromatics.  This  is  a  significant  result  and 
justifies  our  approach  to  modeling  the  sooting  tendencies  of  complex 
fuels  based  on  a  limited  number  of  small  species,  since  the  fuels  all 
crack  to  these  starting  fragments  prior  to  soot  formation. 

•  The  measurements  of  radiance  for  these  fuels  show  factors  of  two  or 
three  variation  for  comparable  amounts  of  soot.  The  causes  of  this  are 
probably  due  to  soot  age  (H/C  content)  which  would  change  the  optical 
constants  for  the  soot  or  soot  particle  size.  This  observation  is 
significant  for  heat  transfer  from  the  soot  in  combustion,  and  for  its 
impact  on  the  soot  signature  left  by  an  engine. 

•  In  all  cases,  we  find  that  the  addition  of  small  amounts  of  hydrogen  (as 

)  reduces  the  soot  while  similar  amounts  of  O2  increase  it.  This  again 
has  significance  for  the  soot  signature  of  a  jet  engine.  One  can  imagine 
adding  a  pulse  H2  to  reduce  the  IR  signature  under  emergency  conditions. 

t  In  Task  II,  a  factor  analysis  correlation  was  performed  which  shows  that 
the  complex  [R  specti a  of  the  hydrocarbon  can  be  characteri zed  by  a  few 
(10)  factors  which  can  reproduce  the  spectra  to  within  5%.  Secondly, 
these  factors  can  be  used  to  predict  the  combustion  properties  of  the 
fuels,  in  particular  the  sooting  as  measured  in  Task  I,  or  the  smoke 
point  as  measured  by  standard  techniques. 


•  .■■ 


•  The  hydrocarbon  cracking  model  began  in  Phase  I  was  extended  using  a 

modified  Rice-Kossiakoff-Herzfeld  (RKH)  mechanism.  This  model  predicts 
the  decomposition  of  long  chain  aliphatics  into  small  molecules,  (C?^, 


C2H4,  H2). 


n 


■.0 

•  A  soot  model  based  on  published  free  radical  mechanisms  and  rates  was 

implemented  on  AFR’s  Sun  3/260  workstation  and  used  to  predict  the  growth  -.v 

»,*  * 

of  the  soot  precursors  from  the  small  molecules  produced. 


•  A  heat  transfer  model  was  developed  to  provide  the  temperature-time 
profiles  required  by  both  models. 

•  The  combination  of  these  models  can  predict  not  only  the  soot,  but  also 
the  intermediate  light  species  of  pyrolysis  ( C2  * s ,  C3  ‘  s  *  C^s,  light 
aromatics)  to  within  a  factor  of  two. 

There  remain  a  number  of  unanswered  questions  and  areas  where  more  work  should 
be  done. 

1)  The  emission/transmission  experiments  raise  a  number  of  tantalizing 
questions  about  the  nature  of  the  radiating  soot.  Mie  theory  calculations 
should  be  performed  to  attempt  to  correlate  the  experimental  observations 
of  Task  I  with  the  optical  constants  and  the  size  parameter  for  the 
particl es. 

2)  More  emission/transmission  experiments  should  be  performed  to  investigate 
the  effect  of  added  H2  on  the  optical  constants  and  the  radiance. 


h 


$ 
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3)  In  order  to  investigate  the  potential  for  a  model  which  would  predict  the 
yield  of  primary  pyrolysis  products  (H2*  Cj’s,  and  C2 ' s ) ,  correlations 
should  be  sought  for  these  species  with  the  FT-IR  liquid  cell  spectra. 

This  would  be  done  using  the  existing  database  for  Task  I.  Such  a 
predictive  model  could  be  developed  from  AFR's  similar  model  for  coal 
pyrolysi s. 

4)  In  the  soot  modeling,  substantial  work  should  be  done  to  investigate  the 
sensitivity  of  the  model  to  thermodynamics,  reaction  kinetics,  and  to  test 
which  reactions  are  significant.  The  model  should  also  be  tested  against 

1 i terature  data . 
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5)  The  soot  model  should  be  extended  beyond  acenaphthal ene . 

6)  The  three  models,  hydrocarbon  cracking,  soot  growth,  and  heat  transfer 
should  be  integrated  to  provide  a  significant  predictive  capability. 

7)  The  high  pressure  work  was  limited  due  to  experimental  difficulties  with 
mass  balances.  An  effort  should  be  made  to  rectify  these  problems  and 
obtain  data  at  elevated  temperatures  and  pressures. 

8)  Pressure  effects  on  the  pyrolysis  product  distributions  were  shown  to  be 
important  for  all  of  the  pure  fuels  examined,  and  two  of  the  four  multi- 
component  jet  fuels.  However,  only  one  series  of  mul ti -component  fuels 
(JP8)  was  examined.  Additional  work  on  other  mul ti -component  fuels  is 
recommended . 

9)  To  date,  the  examination  of  pressure  effects  on  hydrocarbon  pyrolysis  has 
been  restricted  to  studies  on  primary  pyrolysis.  Additional  studies  are 
needed  for  a  wide  range  of  fuels  which  can  assess  the  impact  of  pressure  on 
secondary  pyrolysis  and  soot  formation. 
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APPENDIX  A 

Product  Summaries  from  Entrained  Flow  Reactor 
Mass  Balance  Experiments 
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4 . 65806E -2 

4.13580 

.68954 

0 

HIM 

0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

0 

cos 

0 

0 

0 

0 

0 

•;$: 

0 

0 

0 

0 

0 

SO  J 

0 

0 

0 

1 

• 

Uoter 

9 . 92 1  S/E  -  3 

3.09439E-4 

0 

1 . I0232E-3 

8.81955E-3 

Other 

0 

98.7979 

0 

0 

1 

total: 

55.  >065 

100 

40.4949 

12.0871 

2.56620 

TABLE  A- 6 


FIR  OLIO  IS  SUM  HART  HERO*  T 


RUM  CONDIflONS 


1463  ng.  ASIS  COAL 
I  sec.  t  0  Aeps 
I  sec.  0  0  Anps 

'300  Degrees  c.  t  0  torr  tilth  AL TUBE  grid 
755  nn.  Final  Pressure  for  92.4844  liters 


USAMJ0 

Vu'i  Sci.rs  -)  t}  -  tf  -  76  #:0 

Analysis  =>  3-23-84  14:11 

Stored  =>  9-25-84  1 2  :  59 


JP4 

Injector  66  cm  Above  Extractor 

pTRQirsts  ppooucr  o i st r i but iom 

Dry  Ut.  J 

t  har 

34.5439 

I  ar 

5.43403 

l»« 

55.0107 

Water 

8  .18820 

Missing 

-3.19485 

U AS  COMPOSITION 

Dry  Ut.  Z 

Volume  Z 

ZC 

III 

::o 

Methane 

5.93790 

.14507 

4.45342 

1  .  48447 

0 

CO 

7.28118 

.10145 

3.12071 

0 

4.16046 

H  v  d  r  o  g  e  n 

4.56594 

.84887 

0 

4.54594 

0 

KQ2 

1.41592 

I.43543E-2 

.44044 

0 

1. 17526 

Acetylene 

14.0429 

.22017 

13.5178 

1 . 1 261  2 

0 

Ethylene 

1  .30/07 

1 .48519E-2 

1.03450 

.17249 

0 

Ethane 

5.24073E-4 

4.82883E-4 

4.I9258E-4 

1.048146-4 

0 

Propylene 

5.88639E-3 

5.4786/E-S 

5.04523E-3 

8.41166E-4 

0 

Benzene 

18.1481 

.08874 

14.7710 

1.39713 

0 

Paraffins 

2.97268E-2 

1 .38339E-4 

2.5478VE-2 

4.24797E-3 

0 

Olefins 

1  .  1  5575 

5.37852E-3 

.99040 

.16515 

0 

HCN 

.80993 

1 . 1 7243E-2 

.35993 

2.99675E-2 

0 

Aenoma 

1  .916106-3 

4 . 40400E-5 

0 

3. 381  92E-4 

0 

COS 

-4.82993E-3 

-4 . 44979E-5 

-1 .34598E-3 

0 

-1.821 54E-3 

CS2 

.  22404 

1 .13240E-3 

3. 53773E-2 

0 

f 

S02 

2. 10890E-2 

1.20810E-4 

0 

0 

1.05445E-2 

Water 

8.18820 

.1231* 

0 

.90970 

7.27849 

Other 

0 

99.2283 

0 

0 

0 

Gas  Total: 

43.1989 

100 

40.7537 

9.85654 

12.4229 

* 


kCLI'j 


^  V  J*  "_* 


TABLE  A- 7 


■'■■■!•_  '  -  .:i  i  vViAI-'l  nf:.r”Jrti  ;J:m.’IJ*  I.).’ 

bi'S  'iC.iJS  =  1)  -  t  -  ! 

''<*  csnlHI  IONS  Analysis  -/  i  -  !1  - 

Stored  ->  9  -  12  - 

2’s2.30  *■?.  0EOX  LUAL 
•  sec.  4  4  Anps 
I  :ec .  4  4  tips 

'life  peuees  c.  0  4  torr  eitn  AUUBt  ?nd 
'57  in.  final  Pressure  for  92.4864  liters 


DF2 

Injector  66  cm  Above  Extractor 

'EOl'SIS  F'KijDUU  DlSlKlUUIldN 


Ory  iit.  Z 


'  Sar  47.5038 

1  ar  J.  j.'ljl 

i is  4  J.  2020 

Liter  I  .  502. 3 

•'it  s  m?  5.32059 


Vo  1'  mte  "t  Zl.  t/.H 


V’.ftvtne 

4.2/1BJ 

.  1  V  1  5  4 

3.20395 

1  .06795 

i.a 

i.d *.V  ’ 

.10215 

1.65987 

0 

i  ,  1  f  0  M  '. 

a .  «i  i  2  ? 

3.15884 

0 

8.93321 

j  : 

.41)'  Ji 

6..MV10E-3 

.  i  vj  y  4  y 

0 

i •? 

1  4  .  So  !  15 

. 404J. 

■  i  .  J  J  4 

i .  i  j.'iy 

.  •  ,  .  ■?  ne 

I  .21 l 25 

J  .  S  j  i  t*  t  •  2 

_  j 

. ' -m  : ' 

■  ? 

-j _  ? 

1  .  ) ;  4  8  5  E  -  5 

4.  4  4rf«j4L-4 

i .  •  U’ :  \  i  -  4 

t  ■  G  C  V  I  €  9 

.  ’  ,■* 

1  .7/2568-3 

.UddiV 

1 .4403YE-2 

b  o  n  ;  a e 

'.1)663! 

.08584 

8.3681 1 

•  697 1  y 

-  .*  '  j  ?  •  1  11  3 

0 

0 

0 

0 

U ;  e  r  i  .vs 

1  .0“31 1 

y.4l ' 43E-3 

,u36'0 

.15620 

H'.M 

. 46224 

2. 33268E-2 

.37895 

3.1551 4  E - 2 

Awnon i  a 

j  .  0 1 2  J0E - J 

2. 17766E-4 

0 

8.84671E-4 

cos 

-4.50947E-3 

-5.551 08E-5 

-9.0I895E-4 

0 

L  S  2 

.10568 

1 .02704E-3 

1 .660/0E-2 

0 

S02 

1  ./9J89E-2 

2.06908E-4 

« 

0 

J  ~r\  *.  P  * 

1  .20223 

4.26745E-2 

0 

.16689 

Other 

0 

89.2335 

0 

0 

’  f  o  f  '■ '  : 

4  4  .  '-f i  t 

l‘!0 

jy. 16?  ’ 

1  ’ .  J  4  |J 

TABLE  A- 8 


i-muinus  suikiokt  fttpunr 


KUN  CONDITIONS 


2816  ng.  DEOX  COAL 
I  sec.  i  8  Anus 
•  sec.  8  I  Anps 

1388  Decrees  c.  8  8  torr  eith  ALTUBE  grid 
756  nn.  Final  Pressure  for  98.5596  liters 


USrtRU«  U» 

lij'i  Serins  ->  45  -  •  -  P6 
Analysis  ->  9-18-86 

Stored  *>  9-17-86 


AFAPL 6 

Injector  66  cm  Above  Extractor 

r’ROlTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  X 


Char  66.6193 
Tar  3.85162 
li  as  69.6633 
Water  .65721 
M  issing  .62968 

CAS  COMPOS  1 T ION 


Dry  Ut.  Z  Vo  In  no  7.  XC  TIN 


ietr.ane 

6.761 ve 

.22751 

3.571 42 

i . :  V0  4.7 

CO 

4.23 ’67 

.1 1 569 

1.81626 

8 

.4 ;  : .-  :  ;  i  ;1 

U  ltd? 

3.16671 

6 

7.42:87 

CO  2 

2.  ’H57E-6 

4.75138E-0 

7.457171-5 

8 

a  c  e  t ,  l  e  a  e 

14.  M  /  6 

.41,32 

•3.2886 

: .18871 

*.  ♦  r,  ,*  .  a  -  a 

: .  MW 

i.i '857E-2 

1 .63199 

.27 ,V’ 

: .  ■»  - .'  4 J  i  - ; 

1 . J9323E-  1 

4.2  .. -6  3 

.  .  J  74/:  •  j 

'  i*  o  C  i  1  ?  n  e 

.21902 

J  .  7  3  i.  4  7  l  -  i 

.  ’  <5.7  ^ 

3.12979E  2 

d  ?  i ;  •?  s 

1 1.5432 

.13278 

12.4-  -3 

.  J  4  1  J  4 

Paraffins 

.26187 

2.33326E-3 

.22445 

3.74221E-2 

Olaf  ins 

2.71364 

2.46688E-2 

2.32329 

. J6735 

HCN 

3 

8 

8 

8 

Annoiua 

8 

8 

8 

8 

COS 

8 

8 

8 

8 

CS2 

8 

8 

8 

8 

S02 

8 

8 

8 

8 

Water 

.65721 

8 

8 

5.87968E-2 

Other 

8 

99.1435 

8 

8 

Gas  Total: 

69.9885 

188 

35.5675 

11.5565 

TABLE  A- 9 


'i-').  ib  lb  lunnwr  hlpijii  f 

~~ 

USA RU«  U1 

Ua<i  lie ci n^s  =• 

u  - 1  - 

■  /6 

v  : 

»  jN  iOnDU  IONS 

Analysis  =; 

y  -  m 

-  ai 

!-i  : 

2b 55  «<).  DEUX  COAL 
•  sec.  0  0  A«ps 

1  sec.  0  1  A/ips 

1300  Oe)rees  c .  0  0  torr  with  AUUBE  jns 

76  3  ««.  Final  Pressure  For  94.4130 

Sto-jJ 

9-17 

-  86 

1  4  : 

AFAPL 2 

Injector  66  cm  Above  Extractor 

f‘ trol f s i s  pkodoci  oisir:?  •  .C'* 

■or  i  2 . e  5  9  5 

I  sr  7.94045 

'.is  43.3933 

ai  iter  .336Y4 

n issi nq  l  6. Jiv  ’ 

Li  A  0  .  J  n  F  '.  5 1  *  1  . 

Vo.-.*,  . 

:.m 

-  •! 

*  ? ;  '•  -  * 

-  .  -4  ..  *  J 

..4639 

4.02100 

1  .  35226 

J 

u  J 

•  .  V  >  J  J 

.10629 

1 .21322 

0 

2.28469 

H  >  t  •’  1  4  ®  ' 

B . 3  • :  / 

2.98951 

} 

8.231 12 

0 

CU2 

.24=13 

. 1  '499 

.06686 

0 

.  1  2832 

Acetylene 

12.6444 

.35.55 

1  1 .0721 

.  97236 

0 

fc  t  h  v  1  ?  n  e 

1 .3*030 

3.696I7E-2 

1  .  1VU2 

.19867 

if 

Ethane 

0 . 224228 -5 

2.040626-6 

6.5/938E-5 

1 .64484E-5 

0 

►'  z  ;  ,■  i  a  r,  j 

.13, Ml 

2.43018E-3 

.11252 

1 .959J8E-2 

0 

Benzene 

9.43164 

.09001 

8.20634 

.72529 

tf 

Paraffins 

.09134 

8. 094/88 -4 

.02829 

1.305J1E-2 

0 

Olefins 

1.90197 

1 -59682C-2 

1.54442 

.25750 

0 

HLff 

0 

5 

0 

0 

0 

A**Q  n  i  a 

t) 

0 

0 

0 

0 

cos 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

SU2 

0 

0 

0 

0 

0 

Water 

.33694 

9.64697E-3 

0 

3.74350E-2 

.29951 

Other 

0 

99.1582 

1 

0 

0 

Gas  Total: 

43. .’302 

100 

29.1628 

1 1.8123 

2.76253 

7,_V_V..'V*2V  .v.>  .'«' 


v  v,y,v/>,>>i'..’>T/’.<v vv.  /^.v.v,  rf-,  vtv4^r, 


TABLE  A-10 

IMRQLTSlIi  SUNAARf  St PORT 

RUN  CONDITIONS 


2731.4#  eg.  DEOX  COAL 
I  sec .  0  #  Anps 
I  sec.  t  0  Anos 

130#  Degrees  c.  9  0  tarr  with  ALTU6E  grid 
763  nn.  Final  Pressure  for  94.4132  liters 


UTRC  3B 

Injector  66  cm  Above  Extractor 

MROLTSIS  PRODUCT  DISTRIBUTION 


Drv  Ut.  X 


Lhar  41  .  9382 

Tar  4.94984 

Las  36.9187 

U  iter  .95921 

Missing  15.2339 

LAS  COMPOSITION 


Dry  Ut.  X 

vo  it  1  st?  •; 

:<: 

7.H 

‘.0 

iiethane 

4.66061 

.20707 

3.49546 

1.16515 

0 

CO 

3.86318 

.09798 

1.65661 

0 

2.20856 

h  /  i  r : ;  5  n 

8.0'J:08 

2.80511 

0 

8.09108 

0 

co: 

.74629 

1.2J391E-2 

.23351 

0 

.  5  4  2  7  8 

Acetylene 

5.8773? 

.16045 

5.42541 

.45197 

0 

Ethylene 

.-’643  1 

2.44452E-2 

.32651 

.1 3730 

$ 

£  *  !*#ane 

2.  iio?2E-4 

6. 30990E-6 

2. 1 5353E-4 

5. 33384E-5 

£ 

1  ;  C  >  I  e  1  e 

.  1 1 272 

1 .90498E-3 

.09661 

1 . JI078E-2 

0 

B  ?  n :  0  n  e 

1  1  .  370# 

.10346 

10.4957 

.87436 

0 

Paraf f 1  ns 

.11523 

9.73732E-4 

.09876 

1 .64671E-2 

0 

Olenins 

1.13608 

9. 34o3  3E-3 

.94802 

.15805 

0 

HC  W 

0 

0 

0 

0 

0 

AnnOiUa 

3 

# 

0 

0 

0 

cos 

# 

) 

» 

« 

0 

CS2 

1 

0 

0 

( 

0 

S02 

f 

> 

0 

# 

f 

Water 

.95921 

3.69593E-2 

0 

.10656 

.85264 

Other 

I 

-7719.21 

f 

« 

1 

Gas  Total: 

37.878# 

1<« 

23.2468 

1 1 .0176 

3.60399 

USA  RIJN  I.!  5 

Ua;  era  its  -•  0  •  I  -  76  l)  :  if 

Analysis  *J  9  -  1#  -  36  lo  :  IS} 

Stored  «>  1-1-8#  2:4 


A-12 


TABLE  A-ll 


jUiVIAKT  St  Cl  .'Hr  -  'JSAMi*  >22 

(jj-i  -  J  •  I  •  .’a  n  : 

.N  ..iNDI'KisS  Aaal/SJi  *.•  d  -  22  -  d4  13 

-  Store.)  *.  t  'j  -  36  II 

It,.'!  nq.  BtJX  COAL 
I  sec.  t  0  Asps 
I  sec.  3  0  Asps 

'it'd  Decrees  c.  3  0  eitA  ALlJBt  iri) 

\.).i  00  sa.  fi.isl  dress^.e  "or  d  i .  2  4  a  3  liters 


UTRC  8A 

Injector  68  cm  Above  Extractor 

i',rol»S[s  fvcDocT  d; ; ’c': sut : i.v 


Cry  Jt.  *. 


'.'sr  id.t'vsa 

i  ir  .0:214 

.  ii  ss.sjlt 

u. 

l  . -8.  4 j 

O  M  .  .  ■  J  1  T  i  '_i ** 


Methane 

VO  i*  i «»  Z 

.-iJ-S 

4  .  J  '•  4 . 3 

.H 

1  ,  ;  •.  4  t 

r.'j 

i 

4  .  J  ’  • 

. 12220 

1  .  'i  3  ’  /  4 

0 

2.41004 

•  :  .  :?  « 

2 .  j : c  '  4 

s' 

:  i 

J 

.  • 

2.32  -it  -  1 

5.  id  J‘.-2 

s' 

. :  4  4  j  o 

•  t  ^  .  ! 

. 12150 

; .  .diJ ' 

ti 

^  •? 

_  4 

5. .2d2it  -2 

; .  8  3  4  c  ’ 

.  2  1  ■:  i  .' 

\ 

•  *  ■  :  j 

j  :  - \ 

9.2  32 1 1 - 2 

. _  „ 

'  .  ^  -r 

2 .  . '  -i .  • 

.  ’  _  ;  o  ' 

j#.\o y'l  ■  - 

■j 

;  -  r  i 

:  -  •  -  5 :  i 

.  Ulii 

13.1415 

\  .  J  9  a  4  4 

.1 

-  » »•  a  f  f  i  r.  s 

.  im.' 

3.9>j;m-j 

•  4 ' o j8 

.040.-3 

J 

"j  levins 

i . 32322 

2.465  20E -2 

2.38864 

. 43 1 5g 

0 

**  l.  'J 

0 

i 

0 

0 

A.-aiag.'U  • 

3 

1 

0 

0 

LfJS 

0 

i 

0 

0 

cs: 

0 

f 

0 

0 

0 

sue 

0 

* 

0 

1 

0 

Water 

.6:?62 

I.66076E-2 

0 

. 06995 

.55967 

Other 

a 

98.9235 

0 

0 

0 

s  Total: 

56.1631 

100 

41.7171 

12.3181 

3.11398 

TABLE  A-12 


PlKUlf.ilS  SUHM4RT  REPORT  -  IJSARUM  126 

lias  IScru'i  =.-0-  1  -  76  0  :0 

K  UN  CONDITIONS  Analysis  -)  9  -  I  9  -  86  13  :  51 

. - .  Stored  »>  9  -  I?  -  84  1 6  :  J 

2521  ng.  DEOX  COAL 
I  sec.  !  I  Anps 
I  sec.  t>  0  Anps 

1300  Degrees  c.  0  0  torr  mth  ALTUBE  grid 
758  nn.  final  Pressure  for  94.3400  liters 


ERBLS2 

Injector  66  cm  Above  Extractor 

rrSOLYSIS  PRODUCT  distribution 


Dry  Ut.  I 

Char 

O' 

C-i 

L-4 

<b 

CD 

1  ar 

4.02935 

Gas 

44.5897 

Uater 

1 .30470 

M  iss  l  ng 

1.74533 

UAS  C3NF03 

I T I  ON 

Nethane 

Dry  Ut.  I 

5.95001 

Vo U INC 

.23350 

it; 

4.44251 

::h 

1.48750 

XO 

0 

CO 

3.  '0  2  42 

.08547 

1.58723 

0 

2.11413 

Hydrogen 

’.53449 

.23746 

0 

7.534o9 

0 

COO 

.30003 

1 . 17504E-2 

.21817 

0 

.58184 

Acetylene 

13.0107 

.31398 

12.0101 

1.00052 

0 

i  ‘  h  y  1  e  n  e 

.91261 

2. 1 0642E- 2 

.  '8222 

.13041 

0 

l  *  h  d  n  e 

J.354°oE-2 

7.23150E-4 

2.43557E-2 

4.71393E-3 

0 

Prop  y I ene 

.  1  0298 

1 . 58444E- 3 

.08827 

1 .47148E-2 

0 

Benzene 

11.1491 

.09237 

10.2918 

.85737 

0 

Paraffins 

.33547 

2.58250E-3 

.28770 

4 . 79477E-2 

0 

Olefins 

1 .09918 

8.45456E-3 

.9421 1 

.15707 

0 

HCH 

0 

0 

0 

0 

0 

A*«om  a 

0 

0 

0 

1 

1 

COS 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

S02 

0 

0 

0 

0 

0 

Uater 

1.30470 

3.24295E-2 

0 

.14495 

1.15974 

Other 

0 

99.3843 

0 

0 

0 

Gas  Total: 

45.8944 

100 

30.4971 

11.3839 

3.85775 

A- 1 4 


.  f  >.  f . ' 


»  ■**  * -/v’V-'V-  ^  ^ 


N  *» 


TABLE  A-13 


HiSl-T'i  i’.i  'nMMSY  ■ftr',.sr 

K'JN  CONDITIONS 


3082  fid.  DEOX  COAL 
•  Sec.  »  0  Asps 
i  sec.  0  i  Anus 

13  0  0  Decrees  c.  '!  0  tarr  uito  < L T 'j 3 fc.  vid 
96  4  in.  Final  Pressure  far  ?  il .  5  5  ?  4  liters 


ijSmPijs  rjt 

<J  a-s  IS  cm  n  s  ■  tf  4)  -  ,’/i  <J 
Analysis  9  -  !  7  -  84  I 
Stored  =>9-17-86  1 


UTRC  9A 

Injector  66  cm  Above  Extractor 

'  •A'l'.rSIS  PRODUCT  DISTRIBUTIUN 
Dry  Ut.  I 


C  hci »' 

36.4892 

1  3:' 

5.97988 

L  3', 

44.2001 

’J  3 1 3  r 

.21906 

ft  1  aSlTV} 

13.1116 

L'AS  .r-’i'i 

I  '  I ')  N 

Or:  Ji. .  Z 

"o  1  '.if it:  '1 

::h 

T.0 

**  ?  U.  3  n  5 

4.?42i6 

.24797 

3.55-15  4 

1.18551 

.. 

.  j 

- .  -  ’ '  i  - 

.09260 

0 

•  •  '  ;  : 

:  .• :  3  ■> 

.  .  i  1  9  (f  ? 

2.  ; i,0 

'J 

i  .  *  ’  9  d  /7 

a 

i  - 

\  •  t*  -s .  L  \ 

. ::4L  -6 

I.T4273E-4 

0 

3.04779 

• 

. :  9  j  3  i 

: i .  3i  i : 

. 94 J2? 

0 

*  ,\  v  1  e  n  e 

i . .  j  u  i 

5 . 23289E- 2 

1 .50298 

.25025 

9 

t  ‘  -■  a  m  e 

2. 19886E-4 

6. 1 3244E-6 

1 .75909E-4 

4.39773E-5 

0 

Propylene 

.06993 

1.39316E-3 

5.9941 5E -  2 

9 . 99375E-3 

0 

Bencene 

12.8369 

. T  3768 

1 1.8489 

.98708 

0 

Paraffins 

.37217 

3.70699E-3 

.31898 

5.31835E-2 

0 

Olefins 

2.52194 

2.511 95E-2 

2.16155 

.36038 

* 

HCN 

0 

0 

0 

0 

0 

Aflflonia 

0 

0 

0 

0 

0 

COS 

0 

9 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

S02 

0 

0 

0 

0 

1 

Uater 

.21  706 

7.04946E-3 

0 

2.4338IE-2 

.19472 

Other 

0 

99.0191 

0 

0 

f 

Gas  Total: 


44.4192 


32.9867 


19.4321 


1.96587 


^  L" 


TABLE  A- 14 


PIROLIGIS  SUW14RT  REPORT 

RUN  CONDITIONS 


2825  "9.  DEOX  COAL 
•  sec.  8  |  Anps 
I  sec.  8  I  Anps 

1388  Oegrees  c.  8  8  torr  mth  ALTUBE  grid 
25V  nn.  Final  Pressure  for  98.5594  liters 


UTRC9B 

Injector  66  cm  Above  Extractor 

F'lROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Char  44.2838 
dr  4.33398 
Gas  44.8999 
Uiter  2.82211 
Missing  2.48318 

GAS  COMPOSITION 


Dry  Ut.  Z 

Vo  1m  im>  % 

ZC 

7.H 

7.0 

Methane 

4.48833 

.38423 

4.88825 

1.60018 

1 

CO 

4.29915 

.11254 

1.84241 

0 

2.45633 

Hydrogen 

8.41944 

3.22441 

8 

8.61946 

1 

C02 

.23342 

4.88522E-3 

.86321 

0 

.14991 

Acetylene 

11.5158 

.3328! 

10.6295 

.88350 

1 

Ethylene 

1  .  43828 

3.93248E-2 

1.23225 

.20553 

0 

Ethane 

1  .82286E-4 

4.29l9oE-4 

1.50229E-4 

3.25522E-5 

0 

Propylene 

.18845 

I.92484E-3 

.09295 

1 .54982E-2 

1 

Benzene 

1 1.4814 

.11198 

18.2831 

.89830 

1 

Paraffins 

5 . 22824E-2 

5. 22899E-4 

4 . 9 1 1t  2E-2 

8. 18440E-3 

1 

Olefins 

1  .93244 

1 .241  34  E - 2 

1.65648 

.22412 

1 

HCN 

8 

1 

f 

* 

1 

Antonia 

8 

« 

1 

1 

f 

COS 

8 

1 

1 

1 

1 

CS2 

8 

8 

1 

1 

8 

S02 

8 

8 

f 

f 

* 

Water 

2.82281 

4. 1 1554E-2 

I 

.23875 

1  .84625 

Other 

8 

99.1882 

f 

8 

f 

Gas  Total: 

48.1249 

188 

31.1516 

12.7395 

4.47278 

-  USA  RUN  144 

Gan  Scais  «>  0  -  1-26  0  :  i 

Analysis  *>9-24-86  14  ! 

Stored  *>  9-26-84  14  : 


TABLE  A- 15 


P1R8L1S  IS  SUMRART  IEPURT 

RUN  CONDITIONS 


333#  B*.  DEOX  COAL 
f  sec.  *  f  Abbs 
I  sec.  8  *  Abbs 

! 301  Decrees  c.  9  I  torr  with  ALTUBE  qnd 
757  bn.  Final  Pressure  for  1*4. *47  liters 


Tetralin  1300°C 

Injector  26  cm  Above  Extractor 

R  TROLTS IS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Lhar  1.53153 
Tar  33.3433 
Gas  24.9661 
Uater  1.44144 
Missinq  38.4985 

GAS  COflPOSITION 


Dry  Ut.  1 

Vot tint  Z 

7.C 

ZH 

IU 

ne  thane 

2.9941 1 

.1482* 

2.247*8 

.749*2 

« 

cu 

1.1331# 

3 . J0285E-2 

.48544 

« 

.  64745 

Hydro  len 

1.13138 

.53236 

( 

1.38138 

* 

4.JS872E  4 

7.84474E-6 

1 . I8862E-4 

* 

3. 1 7*1 (E-4 

Acetvlene 

1.30103 

3.9o*42E-2 

1 .2**98 

.1***4 

* 

Ethylene 

6.11011 

.1727* 

5.23698 

.8731  1 

* 

Ethane 

.19*44 

5. (2945E-3 

.15251 

3.81 283E-2 

* 

Propylene 

.67492 

1 .2756»E-2 

.58*19 

.*9673 

« 

Benzene 

If. *669 

.1*214 

9.29277 

.77414 

f 

Paraffins 

.7*442 

6 .639* 3E-3 

.6(393 

. 1 **69 

• 

Olefins 

.39*39 

4.34»8)E-3 

.3346* 

5.57867E-2 

« 

HCN 

« 

( 

* 

( 

( 

Annoni a 

f 

« 

( 

* 

1 

cos 

* 

* 

( 

« 

« 

CS2 

f 

( 

( 

« 

( 

S02 

• 

• 

1 

* 

• 

Uater 

1  .64(46 

4.99366E-2 

« 

.18223 

1.45821 

Other 

* 

99.3258 

« 

« 

« 

Oas  Total: 

26.6(66 

l«* 

2*. 1348 

4.35133 

2.1*598 

-  USA  RUB  ta? 

Gas  Seals  =>  0-1-76  0:0 

Analysis  »>  7-3-87  9:6 

Stored  »>  7-7-87  18  :  50 


V  V/.7.V.  «\ '^.T^’WVVV* 


TABLE  A- 16 


PTROLflilli  !iUr(IWKT  SEPOST 


MIN  CONDITIONS 


3458  nq.  DEOX  COAL 
I  lie.  0  f  Arps 
I  sec.  f  I  Amps 

1381  Decrees  c.  8  4  torr  with  ALTUBE  and 
75A  ex.  final  Pressure  for  94.3488  liters 


USA  XUS  1.’4 

0i3  Scais  =>  0-1-74  0:0 

Analysis  *>4-31-87  7  I  38 

Stored  *>  7-7-87  17  :  Al 


Tetralin  1300°C 

Injector  46  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  I 


Char 
I  ir 
Gas 
Uater 
Missinq 

li»S  COMPOS  1  HON 


34.8985 

14.4347 

28.7342 

3.14282 

14.8493 


Methane 

CO 

Hylroqen 

C02 

Acetylene 

Ethv 1 ene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

SQ2 

Uater 

Other 


Dry  Ut.  I 

2.52173 

3.52891 

4 

8 . 79848E-4 
3.27534 
2.34259 
4.95154E-3 
.19882 
8.39438 
.18475 
4.85144 
8 
• 

8 

• 

I 

3.84282 

I 


Xolune  % 

.13594 
.11254 
1 .71758 
1 .78971E-5 
.18795 
.87552 
1 .47724E-4 
4.86454E-3 
.89841 
1 . 98982E-3 
4.31 481E-2 
I 
8 
f 

8 

.17428 

99.1835 


Gas  Total: 


1.89138 

1.58985 

8 

2 . 39932E-4 
3.82348 
2.82498 
3.941 23E-3 
.t  4355 
7.93347 
.14884 
3.47249 
8 
8 
8 
8 
8 
8 
8 

28.1824 


2.81184 


.J9987E-4 


.25187 

.33761 

9.98389E-4 

2.72693E-2 

.66898 

2.66866E-2 

.57893 

8 

8 

8 

8 

8 

.54248 

8 


6.51283 


v.v.s  *. 


:$ 


TABLE  A-17 


PmOLISIS  SUrtRAUT  Rt PtJRT 


PUN  CONDITIONS 


USA  DU  II  USD 

Ij  as  Seals  =,* 
Analysis  -> 
Stored  *> 


i  -  76  k)  :  U 

22  -  87  I?  :  Id 
7-87  17  :  51 


16 1 1  iq.  DEOX  COAL 
I  sec.  8  #  A«os 
I  sec.  8  I  Anos 

1388  Deqrees  c.  8  I  torr  with  ALfUBE  Arid 
754  n«.  final  Pressure  for  75.3761  liters 


Tetralin  1300*C 

Injector  56  cm  Above  Extractor 


PlROLTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  X 


L  har 
I  ir 
b  as 
Hater 
n  iss  inq 


61.5235 

3.77501 

25.147? 

3.02178 

6.5076? 


I,  AS  CQhPOS  I  T  ION 


A- 19 


<  v  ' 

•V 

m 

M 


v:q 

if 

$ 


•N| 


n 


n 


•-N 


\£v 


& 


Dry  Ut.  1 

Vo  lu  «e  7. 

«; 

7.8 

ZD 

• 

Nethane 

CO 

2.70161 

2.76220 

.17127 

.07316 

2.17621 

1.18388 

.72540 

0 

0 

1.57832 

£ 

Hvdroqen 

5.78337 

2.71618 

0 

5.78337 

0 

C02 

.24730 

3.77877E-3 

.06778 

0 

.18132 

>r.  • 

Acetylene 

2  -  6  y  /  2  4 

.07777 

2.48782 

.20741 

0 

•V« 

Ethylene 

.52174 

1 .75782E-2 

.44718 

.07455 

0 

• 

Ethane 

3.53602E3 

1.1I3I7E-4 

2.82082E-3 

7.07205E-4 

0 

Propylene 

4.62700E-2 

1  .04087E-3 

3.7675IE-2 

6.61 484E-3 

0 

•*V 

Benzene 

8.44445 

.10224 

7.77507 

.64737 

0 

Paraffins 

J.I38I3E-2 

3.52826E-4 

2.68767E-2 

4.48437E-3 

0 

■,V( 

Olefins 

.75708 

8.5120IE-3 

.64887 

.10818 

0 

HtN 

0 

0 

0 

0 

0 

Annonia 

0 

0 

0 

0 

0 

ros 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

§ 

S02 

0 

0 

0 

0 

0 

Uater 

3.02178 

. 1 0776 

0 

.33572 

2.68606 

,*\l 

Other 

0 

07.3752 

1 

0 

0 

-#k  ! 

.-•-3 

Gas  Total: 

28.1717 

100 

14.8784 

8.07585 

4.44571 

*  •/ 

■>i 


Csf 


8 


£ 


Wl 

» 


.  /.  ■’.  y. 


.  r  y 

gmem£M$». 


TABLE  A- 18 

PMKHLlM'.i  'oWIAHI  ttn)»l 

ktW  CONDI i IONS 


3424.9*  nl.  fitOX  COAL 
I  se c.  If  #  An pj 
I  l(C.  I  *  Anps 

13*1  Itinn  :.  *  *  torr  witft  ALTU8E  And 
762.32#  nn.  final  Pressure  for  91.5596  liters 


TetraHn  1300®C 

Injector  66  cm  Above  Extractor 

UROUSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  t 


Ltiar 

67.7976 

l  ir 

2.59861 

Gas 

21.1932 

Uiter 

4 . #877 1 E'2 

mssxni 

9.36961 

u4S  CunrUsi  •  iuti 

ur  ,■  Ut.  I 

Voiune  l 

7.C 

:.n 

IU 

let  r-  =*  r.  a 

1 .6455! 

.#9551 

1 .234)5 

.41138 

# 

UJ 

2. 35 l #8 

.*7798 

1 .##767 

* 

1  .  3434  1 

Nvdrdien 

0.65712 

3. #1579 

* 

6.05712 

* 

lo: 

.8°635 

1.96767E-3 

2.42755E-2 

* 

.  #7##  7 

Acet , . e  * o 

3. 2#.’ 39 

. 1#4V4 

2.7 '61 1 

.23126 

« 

1 1  r>  v  i  <?'  e 

.  1  H :  i 

6.311 6 3E  -  i 

.163*9 

2.71 925E-2 

# 

c:na..e 

2 . 8B395L -  4 

8.934#8E-6 

2 . 3#87oE  -  4 

5.77!9#E-5 

* 

Proa  / 1 »ne 

4.ai2o2E-2 

1 .  #64 1 7E-3 

4.I249JE-2 

6.87724E-3 

« 

benzene 

5.39794 

.#6427 

4.98284 

.4151# 

« 

Par  a(T ins 

.20171 

2. 23#1 9E-3 

.17209 

2 . 88252E-2 

# 

Olefins 

.23*21 

2.54526E-3 

.19731 

3.28974E-2 

« 

HCn 

) 

• 

1 

# 

( 

Aneoni » 

» 

1 

( 

f 

1 

cos 

( 

# 

( 

» 

« 

CS2 

« 

# 

f 

» 

« 

S02 

« 

• 

f 

f 

( 

Water 

4. #877 1 E-2 

I.44296E-1 

1 

4.54144E-3 

3.63356E-2 

Othtr 

« 

-7723.19 

• 

# 

• 

Das  Total: 

2#.  234  1 

1»# 

11.6*18 

7.81527 

1.44982 

USrtRUI  1.38 

l>  i'i  Scats  »>  0-1-  26  0:0 

Analysis  •*  f  -  II  *  86  7  :  35 

Stored  *>7-15-87  4:5 


TABLE  A-19 


..  .  ok i  u»#j»  i.:J 

Ua<;  jcma'S  “>  0  -  0  -  .’7>  0:0 

‘U l  r  'JUS  Analysis  ->  V  *  1#  -  84  15  :  27 

'  Store*  =■•  9-15-86  1 5  :  56 

J1  55 . 50  n<J.  OEOX  COAL 
I  sec.  9  I  Anps 
f  sec.  9  i  Anps 

: 2 00  Decrees  c.  (  |  tprr  uitf.  AL’OBE  jr  1  d 
716  in.  final  Pressure  far  92.4864  liters 


XTB 

Tryector  66  cm  Above  Extractor 

r  0  L  ( 5 1 S  PPl/JOCT  DI  STS  J  SijTIQN 


Ur,-  U  t .  I 


!.  ItM'  66.8198 

I jr  2.7:801 

ills  25. 1624 

Uater  .  24393 

Missm-1  5.05371 

HAS  C  0  fl  P  8  s : ’  ION 


Dry  ’At.  5 

volume 

n: 

7.H 

::0 

1  e  t  J-.  j  n  e 

2.66542 

.13934 

1.99904 

.  66635 

0 

'.0 

2.37420 

.08587 

1.23188 

* 

1  .64231 

H ,  1  r  o  J  e  n 

’.30153 

2.98955 

0 

7. 30153 

0 

C02 

'.  084 3 it  -5 

1  .  3  3223E-4 

I.91074E-5 

0 

5.0940/E 

^  r  0  t  ,  t  a  ",  (9 

4.50958 

.14203 

4.14279 

.34673 

0 

t  * '  .  .  -  r  ? 

.25141 

7.511 ?6E- 3 

.21548 

3 . 5  9  2 1 3  E  -  2 

0 

l  ♦.  r, -  e 

2  .  2  4  3  i  j  E  -  4 

4.31 166E-6 

1 .0I068E-4 

4.  jJ-i  L  -  j 

J 

f*  r  o  t-  v  i  5  n  ? 

-9.44.j7/E- 3 

-1  .  92594£ -  4 

-8.28727E-3 

- 1  .  j  j '  o  '  t  J 

4 

Benzene 

7.44861 

.07989 

6.87581 

.  57279 

0 

Paraffins 

.09731 

8 . 69635E -  4 

.07484 

1 .24777 £-2 

0 

Olefins 

.  26598 

2 . 64906E -3 

.22797 

3.80094E-2 

0 

HC.v 

0 

0 

0 

0 

0 

A  n  n  o  r, :  a 

0 

0 

0 

0 

1 

i;3S 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

S 

0 

1 

f 

0 

0 

Water 

.24393 

7 . 8  490! E-J 

0 

2.71  01 2  E -  2 

.21683 

Other 

0 

99.5764 

0 

0 

0 

j i »  fatal: 

25.4064 

100 

14.7797 

8.99965 

1.85920 

A- 2 1 


TABLE  A-20 


PYRUUSIS  SU  AM  AR  T  HE  POUT  -  USA  RtJtt  119 

Gas  Scats  *;>  I  -  I  -  76 

Rim  CONDITIONS  Analysis  *>  8-13-84 

Stored  '>  9-18-84 

3284  i«4.  DEOX  COAL 
I  sec.  8  *  Anps 
I  sec.  8  8  Anps 

138*  Degrees  c.  8  8  torr  mth  ALTUBE  grid 
744.31*  n«.  Final  Pressure  for  94.348*  liters 


BLS 

Injector  66  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Wt.  Z 

Char 

44.1689 

Tar 

2.48988 

Gas 

28.6844 

Uater 

.47649 

hi  iss ing 

CO 

•*o 

ro 

CDS  COfIPOSI T ION 

Dry  Ut.  Z 

tfoluae  7. 

ZU 

7.* 

Nethane 

2.83928 

.14443 

2.12948 

.78988 

CO 

3.82261 

. 88793 

1.29549 

8 

Hydrogen 

e. 45298 

3.37848 

8 

8.45298 

C  02 

.14748 

3. 1 8253E-3 

4.56723E-2 

8 

Acetylene 

7.1 1782 

.22311 

6.56972 

.54729 

ttfvv lene 

.35861 

1 .84392E-2 

.38736 

5.12462E-2 

Ethane 

2.23344E-2 

6.86889E-4 

1.78675E-2 

4.46488E-3 

Propylene 

-4.15713E-3 

-8.84758E-3 

-3 . 56387E-3 

-5.94854E-4 

Benzene 

4.38447 

.86588 

5.81984 

.48482 

Paraffins 

.14815 

1 .43169E-3 

.14412 

2. 48299E-2 

Olefins 

.22888 

2.21314E-3 

.19549 

3.25932E-2 

HCN 

8 

1 

1 

* 

Annoma 

f 

* 

f 

* 

cos 

8 

1 

* 

* 

CS2 

* 

« 

* 

1 

S02 

* 

* 

* 

f 

Uater 

.47449 

2.74761E-3 

* 

3.2938BE-2 

Other 

* 

99.4328 

* 

f 

Gas  Total: 

29.1489 

1*8 

16.5214 

18.3595 

A 


8  :  8 
13  : 
8  : 


*0 

8 

1 .  ,’27 1 2 

8 

.12181 


.42333 

8 

2.27249 


TABLE  A-21 


PTR0L1SIS  SUf1(1*RT  REPORT  USARUM  121 

tils  ‘jeans  =.*  0-1-76  0  :  t 

RUN  CONDITIONS  Analysis  =>  8  -  22  -  86  12  : 

■ . . -  Stored  =7  9  -  22  -  84  8  : 

3«#«  nq.  DEOX  COAL 
I  sec.  0  #  Anps 
I  sec.  t  #  Anps 

138*  Oeqrees  c.  8  0  torr  with  AltUBE  qnd 
758.38#  nn.  Final  Pressure  for  94.413#  liters 


ERBLS3 

Injector  66  cm  Above  Extractor 

P  TPOL  fS I S  PRODUCT  DISTRIBUTION 


Dry  Ut.  1 


Char  59.6100 

1  »r  1  .9  7000 

Has  31.2737 

■later  1.33628 

rt'.ssinq  5.80999 

I  AS  COMPOSITION 


Drv  at.  x 

Volume  r 

;c 

XH 

.10 

fi  9  ♦.  h  a  n  e 

6.63333 

.31596 

4.9750# 

1.65833 

# 

u  j 

3.91  l  Id 

.09620 

1 .46203 

0 

1 .94915 

H  yjrojen 

8.JO000 

3.39047 

0 

8.8900# 

0 

.  i  ' jvo 

3.033I0E-3 

4.71.'  0E-2 

0 

. 12582 

AC  -?t  ,  iM? 

9.53333 

.27957 

8.80022 

. ’331  1 

0 

Err,.  1  e e 

.  Vi  4-S  4 

1  .  3  9  4 1 E  -  2 

.42387 

.07066 

0 

i  ‘  i  '  * 

: .0r989E-A 

2.45559F-6 

8.071 1 0E-5 

2. # 1 777E-5 

0 

Prooylene 

.09026 

1 .69705E-3 

.07736 

1 .28984E-2 

0 

Benzene 

1  .11666 

1 . 5 1 655E-2 

1 .43695 

.1197# 

« 

Psr if f l ns 

.  1  3880 

1 . 30483E-3 

.11896 

1 .98347E-2 

# 

Olefins 

.3987# 

3.74807E-3 

.34172 

5.69744E-2 

# 

HCN 

0 

# 

« 

« 

f 

Annonia 

» 

( 

i 

( 

« 

COS 

# 

# 

« 

f 

« 

CS2 

# 

« 

( 

« 

« 

S02 

« 

« 

( 

« 

« 

Hater 

1.33628 

4.#585#E-2 

« 

.14846 

1.18782 

Other 

# 

99 . 4#57 

( 

# 

# 

Gas  Total; 

32.6100 

1«« 

17.6834 

11.718# 

3.2628# 

TABLE  A-22 


P TKOLYS IS  SUW14RT  JEPOIT 


KUN  COHOIIIOHS 


32 1 6  119.  DEO*  COAL 
I  sec.  0  *  Anps 
I  sec.  0  I  Anps 

I3DI  Decrees  c.  8  I  torr  uith  ALTU8E  grid 
754  rnt.  Final  Pressure  for  88.433*  liters 


usaiui  n; 


lias  Scats  =  > 

0  - 

•  - 

76 

It  :  0 

Analysis  •> 

9  - 

18 

-  84 

9  :  9 

Stared  •> 

9  - 

18 

-  86 

9  :  24 

ERBS 

Injector  66  cm  Above  Extractor 

P  TROLTSIS  product  distribution 


Dry  Ut.  I 


L'  nar 

57.2294 

1  ar 

2.54642 

Li  iS 

32.9177 

Uater 

.94415 

M  issins 

6.36815 

CAS  COMPOS  I  T I  ON 


Ory  Ut.  I 

Molune  X 

Nethane 

J. 63628 

.2*419 

CO 

3.54133 

.11363 

Hydrosen 

9.43718 

4.1*899 

C02 

.25184 

5.82445E-3 

Acetylene 

12.5621 

.42*63 

Ethylene 

.95841 

3.»754*E-2 

Ethane 

3.34111E-5 

1 .*»»63E-4 

Propylene 

.*7542 

1  . 61 361 E -3 

Benzene 

1 .*7587 

1 .2*37»E-2 

Paraffins 

.18751 

2.H361E-3 

Olefins 

1.19152 

1.27447E-2 

HCN 

« 

1 

Aftnonia 

f 

I 

cos 

f 

• 

CS2 

f 

• 

S02 

• 

f 

Uater 

.94415 

3.24268E-2 

Other 

I 

*8.911* 

Ga«  Total: 

33.8419 

1«« 

1C 

in 

10 

2.72721 

.9*9*7 

« 

1 .51781 

* 

2. *2351 

f 

9.43718 

« 

.*6868 

« 

.18318 

1 1.596! 

.966*3 

( 

.82146 

.13695 

1 

2.67289E-5 

6.68222E-6 

) 

.*6465 

1 . *7  789  E - 2 

« 

.99313 

.*8273 

« 

.16*71 

Z.4795»E-2 

« 

1.(2123 

.17(26 

« 

1 

* 

( 

* 

( 

* 

• 

• 

• 

( 

( 

* 

* 

( 

* 

( 

.1*489 

.83925 

* 

» 

• 

18.9711 

1  1  .8447 

3. *4596 

TABLE  A-23 


rn;ui»:>is  summuki  report 

K UN  CONDITIONS 


2780  <tq.  AS  I S  COAL 
t  sec.  0  I  Aups 
I  iec.  t  I  A«ps 

1 50#  Deqrees  c.  0  #  torr  mth  ALT08E  qrid 
761  nn.  Final  Pressure  far  100.193  liters 


Decalin  1300°C 

Iryector  26  cm  Above  Extractor 

P  TRQLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  # 

I  ir  6.69064 

bis  74.7013 

Uater  3.15617 

nissinq  15.2517 

(.  AS  COnPUS  I T I  On 


nethane 

Dry  Ut.  Z 

8.31265 

Volume  I 

.35460 

a; 

6.23449 

ZH 

2.07816 

ZO 

0 

CO 

1.66275 

4 . 05321 £- 2 

.71265 

1 

.95010 

Hydroqen 

1.83453 

.61235 

0 

1.83453 

0 

102 

8.  I 5249E-4 

I.26463E-5 

2.223I8E-4 

0 

5.92930E 

Acetylene 

5.78017 

.15173 

5.33569 

.44449 

0 

E  thy  lene 

26.0143 

.63413 

22.2969 

3.71745 

0 

l thane 

1.01361 

2.306I0E-2 

.81089 

.20272 

0 

Propylene 

6.10523 

.09921 

5.23279 

.87243 

0 

Benzene 

16.1 #07 

.14089 

14.8626 

1.23815 

0 

Paraffins 

3.5971 2E -2 

6.57030E-4 

3.08309E-2 

5. 1 4028E-3 

0 

Olefins 

7.76978 

.10197 

6.65948 

1.11030 

0 

HCN 

0 

0 

1 

0 

0 

Annoni a 

0 

0 

0 

0 

0 

cos 

0 

0 

0 

0 

0 

CS2 

0 

• 

0 

0 

0 

S02 

0 

f 

0 

0 

f 

Water 

3.35617 

.08810 

» 

.37287 

2.98330 

Other 

0 

r a. f#88 

* 

0 

0 

Gas  Total: 

78.0575 

100 

62.1766 

1 1 .8762 

3.93399 

IJSARUI  in? 

big  Sea  is  '.’0-  1  -  76  0  :0 

Analysis  *>  7-7-87  14  :  37 

Stored  *>5-22-86  26  :  42 


AV /'-.Vu'VV>/ 


A.V- 


as 


K 


fV.-'.v, 

L*t  >j< 


TABLE  A-24 


PTKOLTSIS  SUMflARr  REPORT 


KIIN  CONDITIONS 


1*41  1,4.  ASIS  COAL 
I  sec.  §  I  Anps 
I  sec.  t  0  Anps 

130*  Decrees  c.  S  I  torr  mth  ALTUBE  And 
T52  nn  Final  Pressure  for  1*1.157  liters 


USARUN  175 

Lias  Scans  «,>  0-0-76 

Analysis  =>  4-18-87 
Stored  =>  4-18-87 


Decalin  1300°C 

Injector  46  cm  Above  Extractor 


F-  TRQLTS is  product  distribution 

Dry  Ut.  X 


G  liar 
I  ir 
Gas 
Water 
fl  iss  mA 


5.19848 
1 0 .23*2 
84.3414 
4.43882 
-4.31921 


GAS  COMPOSITION 


Dry  lit.  1 


Methane 

CO 

Hydro  ien 


8.55243 

4.75743 

4.53947 


L02 

.24342 

[y 

Acetylene 

1 1 .8092 

Ethylene 

15.328? 

■ 

Ethane 

. 13157 

Propylene 

1  .47300 

r»“ 

Benzene 

10.4822 

V, 

Paraffins 

2.03285 

Olefins 

24.8585 

HCN 

« 

y 

Annonia 

1 

COS 

« 

l 

CS2 

0 

- . 

S02 

0 

Uater 

4.43882 

■/, 

Other 

0 

V. 

- 

Gas  Total: 

88.9802 

A-26 


9  :  S> 

10  :  7 
14  :  50 


Volune  X 

xc 

:;h 

XO 

.38403 

4. 41447 

2.13815 

0 

.12881 

2.03912 

0 

2.71851 

1 .4343* 

0 

4.53947 

0 

3.98934E-3 

.06638 

0 

.17704 

.32845 

10.9010 

.90812 

0 

.39494 

13.1384 

2.19050 

0 

3.85851E-3 

.10526 

2.63157E-2 

0 

3.0!97»E-2 

1.43393 

.23907 

0 

.10187 

9.67618 

.80608 

0 

1 .83441E-2 

1.74235 

.2904? 

0 

.22434 

21.3062 

3.55228 

• 

* 

0 

1 

f 

0 

0 

0 

« 

0 

0 

1 

| 

f 

1 

* 

# 

0 

1 

1 

* 

.13525 

1 

.51537 

4.12344 

1 

97.9433 

* 

* 

III 

66.8234 

15.2*58 

7.01900 

•/sVAv 


I  «\  -V-\  v.J 


1 


TABLE  A-25 


PTH0LT'iI!5  'II/MIMflY  REPORT 

KUN  CONDI  T  IONS 


3150  mA.  DEO*  COAL 
I  src.  8  0  Ards 
(  src.  I  0  Amos 

UR#  Oeqrees  c.  f  I  torr  yith  ALTU6E  Arid 
754  mm.  Final  Pressure  for  97.3030  Uttrs 


IJSARUR  (HI 

Oa'i  Menas  =)  k)  -  it  -  ,'6  0:0 

Analysis  =  7  4  -  30  -  8/  I  :  *0 

Stored  =;•  7-7-87  ia  :  2 


Decalin  1300°C 

Injector  56  cm  Above  Extractor 

f  tROLfSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  I 


C4ar  30 

'ar  5  .14285 

Mas  53.1912 

Water  3.8241  5 

0  issinq  2.84127 

l > AS  COnPOS I T ION 


Dry  Ut.  t 


he  thane 

7.8R953 

to 

4.80519 

Hydro  ien 

’.70476 

CO.’ 

)  >  y 

Acetylene 

11.1015 

E  ‘.  0  <  1  e  n  e 

3.54039 

t  \  r»  a  n  e 

1  .  J  0  1  J 

Prnpylene 

.  2 ' 9  1  ? 

Benzene 

1 1.384# 

Paraf  f ins 

.43584 

Olefins 

5.51512 

NCN 

# 

AAMOnia 

f 

cos 

0 

CS2 

0 

S02 

0 

Water 

3.82415 

Other 

0 

lias  Total!  57.015B 


Volume  l 

:u 

ZH 

Zl) 

.3793) 

5.85714 

1.95238 

0 

.  1 !  o  ?  7 

2.0681  6 

0 

2.75723 

3.06498 

0 

7.90474 

0 

3.97877E-3 

6.06000E-2 

0 

.14162 

.3381? 

10.4324 

.86909 

0 

.10145 

3.03447 

.50592 

0 

4.25617E-4 

1  .  27302E-2 

3.1d255E-3 

0 

4.95578E-3 

.22233 

3.70680E-2 

0 

.11711 

10.5086 

.87543 

0 

4. I6340E-3 

.37354 

6.22824E-2 

0 

5.26829E-2 

4.72701 

.78811 

1 

• 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

f 

0 

0 

0 

0 

0 

9 

.11802 

f 

.42486 

3.39928 

1 

90.7420 

f 

1 

100 

37.2971 

13.423! 

6.31814 

TABLE  A- 2 6 


.  r 

PfKULttilS  SlinnURt  HEPlUf 

K UN  t  'JrtDI  T IONS 


2855  (iq.  DEOX  COAL 
I  sec.  i  1  Anns 
t  sec.  t  1 J  Anps 

1311  Decrees  c .  0  1  torr  uith  AlTUBE  <jnd 
/63  ha.  Final  Pressure  for  94.4131  liters 


Decalin  1300°C 

Injector  66  cm  Above  Extractor 

t  iKOLfSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Lhar  41.3512 

f  sr  3. 24444 

Ills  S2.V198 

Ujter  .42115 

hissin-1  3.01525 

LAS  COnPOS  I T I0H 


Dry  U  t .  1 

ill  U  .  413  't 

V  r 

•  •  <* 

1 

.0 

netnane 

■’  -  a  i  b  ?  2 

.34/31 

5. 7.6/9 

: ."189 3 

1 

4  .  35/4  3 

.11314 

1 . 86/ 6d 

* 

j .  4  a  v  y  b 

H  v  >1  r  o  -3  e  n 

a.  »it>4 

i. lob*  i 

1 

8.72134 

t> 

.UJ 

2.11 1 VSt -4 

■i . »  5-  i  I  w  ■  ti 

•  •  iio-a i  ■  b 

t 

2.04315 

Ac  ? *  v  1  ? ? i 

i 

.  J/6H 

‘  J  -  4  4  *a 

1  .13, 11 

.  a  n  e 

1 .0/V9 

5 . 215 i 9t-2 

1  .6/819 

y/v 

l 

-  * 

5  .  6  2  2  2 1 1  -  3 

1 . 3951 3C -  4 

t . i : i 

tJ 

Protv.ene 

.  -1  J  b  J 

3.991/1C-3 

. 19013 

J  .  2 1 b  40E  -  2 

1 

Be.icer.e 

13.9235 

. 13287 

12.8528 

1.1.  872 

1 

f’arafr  i  ns 

.24928 

2.38639E-3 

.23181 

3.84815E-2 

1 

J 1  a  f  i  n  s 

2. .’8738 

2.47112E-2 

2.38916 

.39831 

1 

HI  N 

0 

1 

1 

1 

1 

Annon  i  a 

0 

1 

1 

1 

1 

cos 

1 

1 

1 

1 

1 

CS2 

1 

1 

1 

1 

1 

502 

1 

• 

1 

1 

1 

later 

.47115 

1  .344I6E-2 

1 

5.22341E-2 

.41791 

Other 

1 

99 . 1 42 J 

1 

1 

1 

oas  lotal: 

53.3811 

111 

37.391  1 

13.5413 

2.91817 

USrtRUII  1.34 

b >is  b criis  =,»  8-1-76  0  :  t 

Analysis  ->  9-11-14  13  : 

Stored  =.•  11  -  16  -  17  II 


*,  «W  V  S'  V  S1  s  V'  v 


■-  V  \  V  *.  1.-  ».  V-  •_-  -- 


TABLE  A-27 


ci!-:jl. .  jiini'f  .’L-tJSl 

;0N  iSsMiiats 

-*e«  m.  oeox  coat 

»  Sec.  0  0  An;s 
1  c .  *  j  x.ir3 

•m  Oersv-J  :.  8  J  tarr  uitr.  .UlUfE  ir;d 
’bl  m.  fin:.:  Pressure  for  91.4138  liters 


JP4-A 

Injector  66  cm  Above  Extractor 

•  jl 9 i 1 3  p-ouucr  disipipuhc* 

0;-/  ut.  i 


4!. ^48 
5.’1'J43 
43.4449 
1  .394.'.’ 
1  .64389 


'la.IKII.I  l.:5 


rtettune 

..0 

HV’irajen 

202 

Acetylene 
*  r.  :  e  ■.  e 

f  "  *  i  a 

•  r  s  c  y  1  e  4  e 
Benzene 
Paraffins 
')  1  ?  f  i  n  s 
HC9 

Annon i a 

CDS 

Cj2 


ias  Total: 


5.24:94 
4.15586 
3 . 88 1 «3 
.2870: 

1 3.0199 
1 . i  >020 
4  .  0  ’J  -  3  a  4  •  » 
.0  '090 
12. 3494 
.  I  3097 
1  .  45340 


0 

1  .59627 

0 


49.0432 


'Joiunt?  :: 

.20603 

.09962 

2.71222 
3.94218E-3 
.  5041  7 
2.  /  j804E -2 
1  .'27 19  IE -5 
1 .05737E-3 

,  09° 1 6 
9.  ’66  3SE-4 
1  . 2 1 6  4 1 E  -  2 

0 

I 

0 

8 . 1 2675E- 4 

0 

0 

99.2041 


Analysis 

Stereo 


l>  -  >  -  76 

9-17-84 

9-17-86 


.07827 
2.0187 
.  I  4969 
.  3 7367E -  4 
.  07694E  -2 
1  .3998 
.11225 


32. 0°7  4 


1 .31574 

0 

8.88103 

jj 

'.00123 
.19151 
1  . 2!  84 1 E- 1 
1 .  0 1  3 1  7  E  -  2 
.94947 
1 . 8 ’1 43E -2 
.23698 


0 

2.54607 

0 

.20875 


1.41892 

0 

4.17375 


A-29 


TABLE  A-28 


pm*,  is  is  SttiMiY  hepukt 


RUN  CONDITIONS 


2528  «g.  DEOX  COAL 
0  sec.  8  0  Amps 
I  sec.  8  8  Anps 

1308  Degrees  c.  8  8  torr  mth  ALTUBE  grid 
764  n«.  Final  Pressure  for  96.3488  Uteri 


USA  HUB  m 

lias  3ca»s  =>  0-0-76 
Analysis  *>  9  -  IB  -  86 

Stored  *>  9-18-86 


JET  A 

Injector  66  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


C  har 
Tar 
G  is 
Uater 
rt  iss  1  ng 


32.5791 

6.95806 

56.8130 

.74238 

2.90743 


CSS  COMPOSITION 


Dry  Ut.  Z 


Methane 

6.48167 

CO 

4.31954 

Hydrogen 

7.95094 

C02 

, 28085 

Acetylene 

19.1851 

Ethylene 

3.46875 

Ethane 

2.24788E 

Propylene 

.19850 

Bencene 

9.53322 

Faraf f ins 

.41299 

Olefins 

5.02722 

HCN 

0 

Annonia 

0 

COS 

0 

CS2 

0 

502 

0 

Uater 

.74230 

Other 

0 

'J  si  utse  1 

1C 

1H 

.26133 

4.86125 

1.62041 

. 09y5i 

1.85135 

0 

2.50261 

0 

7.95094 

4.08523E-3 

.07 658 

0 

.46465 

17.7097 

1 .47533 

.07991 

2.97307 

.49568 

4.83371E-6 

1.79830E-4 

4.49576E 

3.04892E-3 

.17013 

2.83661 E 

.07696 

8.80012 

.73310 

3. 171/1 £-3 

.35397 

5.90169E 

3.86079E-2 

4.30883 

.71839 

0 

0 

f 

0 

f 

1.84178E-2 

98.5868 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

.08247 

0 

100 


0  : 

I  : 

8  : 


10 

.46819 

.28426 


.65983 


Gas  Total: 


57.5553 


41.1053 


13.1637 


3.33229 


TABLE  A- 2 9 


h  TROL  Tfi  I!3  SUM  BART  DEPORT 


K' UN  CONDITIONS 


U SA RtJ H  14] 

(3as  Seals  =>  0-1-76 
Analysis  *>  9-24-86 

Stored  *>  9-25-86 


31 :5  ng.  OEOX  COAL 
I  sec.  8  I  Anps 
I  sec.  8  f  Anps 

1308  Degrees  c.  8  f  torr  mth  ALTU8E  grid 
754  nn.  Final  Pressure  for  96.3401  liters 


Lryector  66  cm  Above  Extractor 


PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


C  ha  r 
I  ar 
lias 
0  ater 
Missing 


39.0112 

8.37881 

49.4954 

2.99254 

.12199 


LiAS  COMPOS  I T  ION 


Dry  Ut.  t 

ilolurie  Z 

a: 

ZH 

ZO 

Nethane 

6.67736 

.32360 

5.00802 

1.66934 

0 

CO 

4.29103 

.12240 

1.83713 

0 

2.45190 

Hydrogen 

10.0481 

3.89522 

0 

10.0481 

0 

CO  2 

.2279: 

4 . 00530E  -  3 

6.21563E-2 

0 

.1657’ 

Acetylene 

l -.5043 

.38420 

11.5445 

.96173 

0 

Ethylene 

1 . ’0200 

4.85524E-2 

1.45878 

.24321 

0 

Ethane 

5.53975E-2 

1 .47495E-3 

4.43180E-2 

1 . 10795E-2 

0 

Propylene 

.08760 

T  .46609E-3 

.07508 

1 .25190E-2 

0 

Benzene 

1  1  .  4941 

.11770 

10.6102 

.88390 

0 

Paraffins 

.17674 

1  .68065E-3 

.15148 

2.52569E-2 

1 

Olefins 

2.21946 

2 . 1 1 046E-2 

1.90230 

.31716 

0 

HCN 

0 

0 

0 

0 

0 

Antonia 

0 

0 

0 

0 

0 

cos 

f 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

SQ2 

0 

0 

0 

0 

0 

Uater 

2.99254 

.09193 

0 

.33247 

2.66007 

Other 

0 

98.8317 

0 

0 

0 

as  Total : 

52.4879 

100 

32.6961 

14.5048 

5.27774 

.%  .v  %  \  \ 


TABLE  A- 30 


P  Tfi QL  t!3  IS  130MIMIY  lEPOUT 


KUN  CONDITIONS 


2931.9#  nq.  DEOX  COAL 
•  sec.  0  #  Abbs 
I  sec.  0  #  Abbs 

13«#  Decrees  c.  e  «  torr  yith  ALIUBE  Arid 
259.3##  it*.  Final  Pressure  for  94. 413#  liters 


tJSARtll  IJ4 

lias  Siais  =>  U  -  0  -  ;>6  0  : 

Analysis  «?  9  -  I#  -  84  14 

Stored  ’>  9-25-84  IJ 


GMSO 

Injector  66  cm  Above  Extractor 

F'fROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


L  bar 
r  jr 
bis 
Uater 
MlSiinq 


44.3349 
4. #943# 

48.8«S3 

.15573 

2.58944 


bAS  COnPOSITION 


Dry  Ut.  Z 


hethsne 

CU 

HyUroqen 

CU2 

Acet  / 1 ene 

C  t  n  v  1  e  n  e 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Aeeonia 

COS 

CS2 

S02 

Water 

Other 


4 . 52890 
4. 32851 
0.4151# 
.35093 
17.2404 
1 .40079 
4.4774IE-4 
.21857 
9 . 75#44 
.25441 
2.05424 
« 

« 

« 

« 

« 

.15373 

« 


Gas  Total:  48.941# 


Vo  lone  x 


xc 


XH 


XO 


.21425 

.11536 

3.3386# 

6.I0438E-3 

.4951? 

4 . 3754 16-2 
I . 1 4226E-5 
3.98309E-3 
.#9367 
2.33632E-3 
I .8735IE-2 


*  584B6E-3 
'9.1942 


3.39068 

1 . 1 3#22 

0 

1.8089! 

0 

4116# 

0 

8.4151# 

# 

.09570 

0 

25523 

15.9146 

1.32578 

0 

1.37204 

.22875 

0 

3.58I92E-4 

8.95482E-5 

» 

.18734 

3. 1 2349E-2 

» 

9. ##063 

.74980 

# 

.2197? 

3.66422E-2 

f 

1.7624# 

.29383 

t 

# 

# 

# 

# 

( 

« 

• 

t 

# 

# 

1 . 73#42E-2 

, 

13844 

f 

# 

1«( 


33.7525  12.4287  2.81529 


TABLE  A-31 


PTROLCIIS  SUHMKT  Rt PO R T  -  IJSAMJI 

R UN  CONDITIONS 


2922.4#  »q.  DEOX  COAL 
I  sec.  0  0  Anps 
I  sec.  8  0  A.ios 

130?  Decrees  c.  8  0  torr  uith  ALTUBE  trid 
ii.  Final  Pressure  for  96.3400  liters 


UTRC1 

Injector  66  cm  Above  Extractor 

.  'SIS  PFOD'JC  r  DISTRIBUTION 


Dr v  Ut.  X 


1.  ?iar 

24.9599 

1  sr 

9.22009 

:  •  1 3 

60.3581 

Uater 

1  .  24530 

his  s  in.) 

6.21644 

HAS  CONPDSI I  ION 

J>'4  Ut.  X 

Vo  it :  no  :: 

:<c 

r?tr  s 

1 2.6360 

4iJ 

*  .  *'  '6  J 

3. 

3.  »V4 

.  0400 

2.31128 

1.20152 

0 

.  a  i  -  i 

4 

6 . 

.  j  i  $ .  2 

3 . 9 1 4  5  5 1  *  3 

5."6465E-2 

0 

.  .12U 

:jt,4 

!  i  .  i  *  !  .7 

1  . 

‘  *.r,v  t?ie 

Z  . 

.  *.  z ; 

E th sue 

4.  -t’.Jt-O 

T.18.105E-4 

3.80935E-3 

u  t 

'  '  ,  [  ~  ,  3 

.  J2614 

5.1 0O09E-3 

.24585 

4. 

e 

3.54160 

3.30250E-2 

3.26925 

Paraffins 

.99038 

8.81 6 30E-3 

.84903 

Olefins 

8.68046 

.09926 

9.44002 

i . 

HCN 

0 

0 

0 

0 

Anno  n  i  a 

0 

0 

0 

0 

cos 

0 

0 

f 

0 

CS2 

0 

0 

0 

0 

S02 

0 

0 

0 

0 

Hater 

1  .  24530 

3.58093E-2 

0 

Other 

0 

98.5298 

0 

0 

Gas  Total) 

61.6034 

100 

44.3492 

13 

•i a*»  St  iis  -• 

AilalVSlS  -/ 

Stored  -> 


a  -  I  - 

3  -  5  - 
9-15- 


iiv2i 

511.’,’ 

3  ’369 
00839 
5 1 84 1 E -4 
09899E-2 
29234 
14153 
24043 


13835 


.6849 


TABLE  A- 3 2 


PIROLTSIS  SUftMAft (  StfO«T 


K(!H  CONDITIONS 


2631  «s.  DEOX  COAL 
t  Sic.  0  I  Amps 
t  sec.  t  0  Anps 

1300  Decrees  c.  B  •  torr  mth  ALTUBE  Arid 
256  ms.  Final  Pressure  for  97.2300  liters 


UMHIJ0  162 

lias  Scats  *,•  0-1-26  it  :  0 

Analysis  *>  6-3-8?  11:13 

Stored  *>  6-11-8?  1 1  :  2B 


JP8X-2414  (45%  aromatic) 

Iryector  26  cm  Above  Extractor 

1TR0LTSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  Z 

L  Mar 

.23374 

I  ar 

1  A .3387 

lias 

98.91 1 • 

Uater 

I .88891 

MlSSlnq 

-14.5663 

L AS  COMPOSITION 

Dry  Ut.  Z 

Vo  luxe  X 

III 

7.H 

20 

Methane 

7.75665 

.30828 

5.81747 

1.73716 

0 

CO 

1.84864 

2.48250E-2 

.44745 

1 

.59919 

Hvlroqen 

1.48874 

.44801 

0 

1.40874 

0 

C02 

.41825 

3.75238E-3 

.1 1405 

0 

.3041? 

Acetylene 

4.68876 

.11276 

4.24676 

.3537? 

0 

Ethylene 

17.5285 

.78015 

15.02J6 

2.50482 

0 

lf.hane 

1.83882 

2. I7576E-2 

.83041 

.20760 

0 

Propylene 

6.63202 

.10466 

5.68430 

.74771 

0 

Bemene 

14.0217 

.11715 

12.7434 

1 .07827 

0 

Paraffins 

8-65733 

.06833 

7.42171 

1.23741 

0 

Olefins 

35.7827 

.28236 

30.6673 

5.11334 

0 

HCN 

0 

0 

0 

Antonia 

0 

0 

0 

§ 

COS 

0 

0 

0 

§ 

CS2 

0 

0 

0 

S02 

0 

0 

0 

0 

Uater 

1  .08871 

2.7761  IE-2 

f 

.12077 

.76793 

Other 

i 

78.4667 

f 

0 

0 

Cas  Total:  Iff 


Iff 


83. 2ft 1 


14.91 18 


1.87132 


TABLE  A- 3 3 


P(R8LrSI!5  !3Uf1*4RT  lEHJR  1 


RUN  CONDI T IONS 


241*  M.  OEQ*  COAL 
I  sec.  t  8  Arcs 
I  sec.  8  8  Arcs 

I3»#  Decrees  c.  8  I  torr  mth  ACTUBE  Arid 
258  rr.  Final  Pressure  for  98.2671  liters 


JP8X-2414  (46%  aromatic) 
Iryector  46  cm  Above  Extractor 

I  IROIYSIS  PRODUCT  DISTRIBUTION 


IJStUUe  lo  I 

111'!  Scaas  =>  tl  -  I  -  76 

Analysis  ■>  6-5-87 

Stored  *>  6-11-87 


L  har 
I  ar 
Lias 
Water 
Missino 


Ory  Ut.  I 


26.7717 

7.46887 

56.5481 

1.13619 

18.8829 


U4S  CGfIPUS  I T I  ON 


Nethane 

9.41988 

CO 

4.68588 

Hy.iro-len 

6.34854 

'.02 

.37.44 

Acetylene 

9.75183 

Cthvler,. 

4.96838 

E  thane 

1 .78467E-2 

Propylene 

.34549 

Benzene 

12.4836 

Paraffins 

.91538 

Olefins 

7.34688 

MCN 

8 

Ammonia 

8 

COS 

8 

C52 

8 

S02 

8 

Mater 

1. 13619 

Other 

8 

Gas  Total :  57.6763 


Vo  Km?  7. 

1C 

IH 

7.0 

.34696 

7.86431 

2.35477 

8 

.88443 

1.97484 

8 

2.631/5 

1.86543 

8 

6.34854 

8 

5 . 88888E-3 

.18183 

8 

.27168 

.22897 

9.88113 

.74985 

8 

.18729 

4.25147 

.70882 

8 

3.68316E-4 

1 .42773E-2 

J.56934E-3 

8 

4.98235E-3 

.29612 

4.9 J7S7E-2 

8 

.89693 

11.5236 

.95998 

8 

6 . 68848E -3 

.78457 

.13838 

8 

5.29748E-2 

6.29781 

1. 84987 

8 

8 

8 

1 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

f 

8 

8 

8 

8 

2.64682E-2 

8 

.12623 

1  .88996 

8 

99.4858 

8 

8 

1 88 

41.3884 

12.4818 

3.91332 

\  ov. 


TABLE  A-34 


PfKUUSIS  sum  HR  I  IEfO«r 


RUN  CONDITIONS 


3#7#  »iq.  DEOX  COAL 
I  see.  e  0  Amps 
I  sec.  t  I  Anps 

I3ff  Deqrees  c.  I  I  torr  with  ALIUSE  qrid 
753  mm.  Final  Pressure  for  76.3AM  Uteri 


JP8X-2414  (454b  aromatic) 
Injector  56  cm  Above  Extractor 

F  TRULfSIS  PRODUCI  DISIRIBlll ION 
Dry  Ut.  I 


USA8UI  17# 

lias  'itais  «;•  a  -  *  -  76 

Analysts  *>  6  -  9  -  97 
Stored  »>  6-12-8? 


Lhar 

Tar 

lias 

Water 

Hissinq 


41.6*97 

3.32247 

46.6112 

1.33761 

7.71986 


WAS  COMPOSITION 


Ory  Ut.  1 

Volune  7. 

ZC 

ZN 

xa 

nethane 

7.29641 

.34833 

5.47231 

1.8241* 

0 

CO 

3.895'3 

. 1 9985 

1.66971 

# 

2.22612 

Hylroqen 

a .  5  a  1 6  2 

3.24435 

» 

8.58162 

0 

C  0  2 

.21127 

3.984#*E-3 

.16316 

8 

.  1  o82# 

Acetylene 

9.83713 

.28<>5# 

9.88165 

.75647 

0 

Ethylene 

1 .71 359 

4.8321/E-2 

1.46872 

.24487 

0 

Ethane 

i .22696E-2 

3.22926E-4 

9.81573E-3 

2.45393E-3 

0 

Propylene 

.89388 

1 .764911-3 

.18146 

I.34I56E-2 

0 

Benzene 

12.3581 

. 1 23a  9 

1 1 .4*77 

.95933 

0 

Paraf f i ns 

.21816 

2.I5259E-3 

.18716 

3. 1 2I48E-2 

0 

Olefins 

2.38986 

2.24639E-2 

2. #4835 

.34151 

0 

HCN 

0 

• 

I 

# 

0 

AMMonta 

0 

• 

• 

» 

# 

COS 

0 

• 

f 

f 

( 

CS2 

• 

• 

# 

• 

( 

S02 

f 

f 

« 

t 

» 

Mater 

1.33761 

4.1621  IE-2 

( 

.I486* 

1.189## 

Other 

• 

99.1994 

• 

• 

# 

is  Total: 

47.9478 

If# 

31.488# 

12.8146 

3.58323 

TABLE  A- 3 5 


PTRIHTSIS  $1J*rt»HT  REPORT 


IJSARUN  99 


HUH  CONDITIONS 


1900  aq.  DEGAS  COAL 
I  sec.  I  $  Paps 
I  sec.  0  I  Ards 

1300  Decrees  c.  I  I  torr  uith  AITUBE  qrid 
757  aa.  final  Pressure  for  88.6330  liters 


JP8X-2414  (45%  aromatic) 
Iryector  66  cm  Above  Extractor 


PTR0LTS1S  PRODUCT  DISTRIBUTION 


Dry  Ut.  { 


L  har 
1  ir 
bis 
U  iter 
Missinq 


49.6111 

2.39473 
27.4058 
7 . 25288 
1  3.3473 


b«S  CQAPOSIT ION 


Dry  Ut.  I 


ne thane 

CO 

Hydro  qen 
COO 

A: et v 1 ene 
1 1  r,  ■/ t  ene 
Ethane 
Propylene 
Benzene 
Paraffins 
Olef  ins 
HCN 

Aaaonia 

COS 

CS2 

S02 

Water 

Other 


3.29844 

4.96854 


I  .5532? 
0.57598 

.44(18 
9 . 44301E  '5 
.89877 
6.03196 
.11132 
.34737 
.30580 
6.09209E-3 
■3.B0505E-3 
.16872 
1 .06452E-2 
7.25208 
0 


Gas  Total:  34.6578 


Gas  Scans  =>  0-0-76  <6  :  0 

Analysis  =>5-29-86  11  l  21 

Stored  *>  5-29-84  1 4  i  29 


9<llua»  t 

u; 

7.H 

>.o 

.10891 

2.47383 

.82461 

0 

.09360 

2.12608 

0 

2.83445 

1.02893 

0 

4 

tf 

1 .865I7E-2 

.42358 

0 

1.12971 

.13363 

6.07029 

.50569 

0 

8.32484E-3 

.37813 

.06304 

0 

1 .66305E-6 

7 . 5544  1  E  -5 

1 .88860E-5 

0 

1 .2426CS-3 

.08466 

1 .41 15SE-2 

0 

4.08584E-2 

5.56810 

.46385 

0 

7.00208E-4 

.09541 

1 .59081 £-2 

0 

2. 1 8491E-3 

.29773 

4.94394E-2 

0 

5.98416E-3 

.13590 

1.131 48E-2 

0 

1 .89337E-4 

0 

1 . 07525E-3 

0 

-3.35063E-5 

-7.6I010E-4 

0 

-1.01 480E-3 

1 . 1 7298E-3 

2 . 66423E-2 

0 

0 

8.78808E-5 

0 

0 

5.32262E-3 

.14734 

0 

.80570 

4.44638 

99.4371 

0 

0 

0 

too 

17.6797 

4.75498 

10.4148 

8 

§ 


•~«"X 


w>  ■>■’_>  ■>  ' 


TABLE  A- 3 6 


PTRUUSIS  SU  Aft  ART  A£POIT 


K  UN  CONDI  7  IONS 


31*8  nq.  AS  I S  COAL 
I  sec.  8  •  Anps 
I  sec .  8  f  Anps 

Ui#  Deqrees  c.  8  8  torr  with  ALIUDE  qnd 
>17  nn.  Final  Pressure  for  188.194  liters 


USA MJA  IBS 

Gas  Scats  *,*  1-1-76  0:0 

Analysis  *>  7-3-8?  8  :  48 

Stored  «>  7-7-8?  18  :  37 


JP8X-2383  (20%  aromatic) 
Injector  26  cm  Above  Extractor 

PfROLTSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  I 


C  har 
Tar 
Lias 
Water 
ft  issinq 


.74193 

12.4838 

69.6087 

4.33126 

12.7741 


CAS  COMPOSITION 


Methane 

CO 

H/droqen 
CO  2 

Acetylene 

Ethylene 

Ethane 

Propylene 

8en:ene 

Paraffins 

Olef  ms 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 


Dry  Ut.  I 

9.22588 
l.58o?S 
I  .29832 
4.68430E-4 
5 .4*886 
22.1855 
1.67225 
6.54838 
14.5264 
.16129 
6.93548 


'loliine  7. 

.42888 

4.36482E-2 

.47688 

8.28888E-6 

.1628? 

.61827 

4.29336E-2 

.88785 

.14344 

2.5I998E-3 

.89643 

* 

f 

I 

f 

.12831 

97.7386 


6.91935 
■  6888B 

8 

1 . 27742E- 4 
5.8759? 
19.8152 
1.33788 
5.61262 
13.4893 
.13824 
3.9444* 


2.38645 

8 

1.29832 

* 

.  42286 
3.17831 
.33445 
.93576 
1.11788 
2.38483E-2 
.99188 


. 48694E- 4 


Gas  Total:  74 


58.1332 


1  1  .8725 


4.757*7 


% 


TABLE  A- 3 7 


1TRFEP.888  IS  ALREADT  OPE# 

PYIUIYSIS  SUrtflAfCI  REPORT  -  IJ15ARUI  15H 

(3  is  Scans  -)  #  -  I  -  /'6  0:0 

kllN  CONDITIONS  Analysis  *>  4-5-8?  11  :  < 

. . .  Stored  *>  4-18-8?  5:1 

2618  nq.  DEOX  COAL 
I  sec.  I  8  Anps 
I  sec.  8  8  Anps 

1388  Decrees  c.  8  8  torr  mth  ALTOBE  And 
261  nit.  Final  Pressure  far  96.3488  liters 


JP8X-2383  (20%  aromatic) 
Injector  46  cm  Above  Extractor 

i'  1R0LYS  IS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


L  nar  22.8352 
T  ir  5.36398 
Ins  65.8192 
U  iter  .95??9 
Missinq  5.823?5 


blS  COtUUSIIION 


Dry  Ut.  1 

Vo  1  urw  X 

IU 

1H 

::o 

flethane 

9.9233? 

.48341 

7.44252 

2.48884 

8 

i.O 

4.63481 

.89395 

1 .98699 

8 

2.44901 

Hydro  ten 

4.85823 

2.2  3127 

8 

6.85823 

0 

■.02 

.  4  U  o  1  j 

6.84467E-J 

.  1  1875 

8 

.  2953? 

Acetylene 

1 1 .2268 

.28128 

’.8.362? 

.86328 

0 

E  t  n  v  1  e  n  e 

5. 62, '55 

.  1  J 

4.8233? 

0 

Ethane 

2.5M95E-5 

5 . 5881 5E  *7 

2.88V56E-5 

5 .8239 1 E- 6 

0 

Propylene 

.  3  9  ?  ?  4 

6.31124E-3 

.34891 

5.68383E-2 

0 

Benzene 

14.6854 

.14256 

15.4823 

1.28311 

0 

Paraffins 

.98273 

7.79676E-3 

.84238 

.14843 

1 

Olefins 

8.39519 

.86668 

7.19552 

1 .19967 

8 

HCM 

8 

8 

8 

8 

1 

Afliton  i  a 

8 

8 

8 

8 

8 

COS 

8 

8 

8 

8 

8 

CS2 

8 

8 

8 

8 

8 

502 

8 

8 

8 

8 

8 

Uater 

.95779 

2.4558IE-2 

8 

.18641 

.85138 

Other 

8 

99.3724 

8 

8 

8 

Gas  Total: 

65.9778 

188 

48.5875 

13.7938 

3.79578 

TABLE  A- 3 8 


PI RREP.000  IS  ALREADT  OPEN 

PTRUfSiS  StJAMAHT  8EP0RT  -  USARtJrt  14V 

K  UN  CONDITIONS 


3080  nq.  DEOX  COAl 
I  sec.  0  f  A«ps 
I  sec.  8  I  Anps 

1300  Deqrees  c.  0  0  torr  mth  ALTU8E  qrid 
153  n«.  Final  Pressure  for  97.303#  liters 


JP8X-2383  (20%  aromatic) 
Injector  56  cm  Above  Extractor 

P1R0LTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


L  har  32.3701 

Tar  3. 1  4935 

Uas  55.0789 

Uater  3.39505 

Missinq  6.00649 

UAS  COMPOS  I T  ION 


Dry  Ut.  Z 

Vo  In  He  X 

zt; 

:<h 

7.0 

nethane 

7.95454 

.37715 

5.96590 

1  .9B863 

0 

CO 

4.1 7002 

.11680 

1  .78727 

0 

2.  >8275 

Hydrogen 

8.44155 

3.21248 

0 

8.44155 

0 

c02 

.23051 

3.98406E-3 

.06286 

0 

.16765 

Acetylene 

1 1.5909 

.33864 

10.6995 

.89134 

0 

E  t  h  v  1  e  n  e 

2. 47077 

.06593 

2.1 1770 

.35307 

9 

Ethane 

5.71730E-2 

1 .49483E-3 

4.57424E-2 

1 . 1 435oE-2 

0 

Proovlene 

.25346 

4.73683E-3 

.21741 

3.62480E-2 

0 

Bencene 

15.8905 

.15978 

14.6685 

1.22198 

0 

Paraffins 

.31060 

2 . 90007E-3 

.26621 

4 . 43849E-2 

0 

Olefins 

3.72418 

3.47725E-2 

3.19199 

.53218 

0 

HCH 

0 

0 

0 

0 

0 

Aanonia 

0 

0 

0 

0 

0 

COS 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

S02 

0 

0 

0 

0 

0 

Uater 

3.39505 

.10241 

0 

.37719 

3.01786 

Other 

0 

98.8817 

0 

0 

0 

6as  Total! 

58.4740 

100 

39.0232 

13.093# 

5.56827 

I3as  Scans  0-0-76  i 1:0 

Analysis  =>4-9-87  14  : 

Stored  =>4-12-87  10  : 


TABLE  A-39 


HYHiJLT^lS  5U«1<R(  REPORT 

h'UN  CONDITIONS 


178#  «q.  DEGAS  COAL 
i  sec.  8  I  Anus 
t  sec.  t  I  Anps 

13##  Decrees  c.  8  *  torr  with  ALT UBE  qrid 
755  ««.  Final  Pressure  for  91.5594  liters 


JP8X-2383  (20%  aromatic) 
Injector  66  cm  Above  Extractor 

1'  TROLTS  IS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Lhar  49.46*6 
I  ar  1.17415 
u  as  34.7632 
Uater  4.221*6 
hissinq  I#. 38*8 

G AS  CONPOSiriON 


Dry  Ut.  Z 

Vo  !u  «>?  X 

7.C 

7.N 

XU 

(i  e  t  h  a  n  e 

3.98790 

.12146 

2 

.99697 

t 

CO 

5.74*7* 

.1**26 

2.449*3 

* 

3.29166 

Hydro  len 

5.3*898 

1.34953 

* 

5.8*898 

* 

C02 

.96194 

1 .96546E-2 

.26232 

* 

.69961 

Acetv  l e«e 

8.75767 

.16415 

8.9842* 

.67346 

« 

Ethylene 

.5*545 

8.79763E-3 

.43322 

.0722 2 

e 

Ethane 

1  .  9  6  a  4  9  £  -  4 

3. I9459E-4 

1 .573I9E-4 

3.93299E-5 

* 

Propylene 

.*8477 

9.83719E-4 

.97266 

1.211 45E-2 

* 

Benzene 

8.6*799 

5.37832E-2 

7.94595 

.64194 

* 

Paraffins 

« 

« 

f 

» 

# 

Olefins 

.28988 

1 .68I86E-3 

.24846 

4. I4245E-2 

* 

HCM 

.5l  21# 

9.24J61E-3 

.22758 

I.89479E-2 

« 

A**on  l  a 

2 . 95999E -3 

8.45986E-5 

1 

5.2#849E-4 

* 

cos 

-4.I3223E-3 

-3.35443E-3 

-8.24447E-4 

1 

-1.1 *2#6E- J 

CS2 

.11835 

7.58937E-4 

1.86877E-2 

* 

• 

S02 

1 .48985E-2 

1 . 1 345IE-4 

f 

1 

7.44926E-3 

Uater 

4.22116 

.#7912 

t 

.46896 

3.75211 

Other 

* 

99.4489 

f 

t 

f 

Gas  Total: 

38.9842 

t«» 

22.7523 

8.75561 

7.74974 

-  USA  RUN  If* 

lias  Sea  is  *.■  1  -  1  -  76  0  :0 

Analysis  »>  5  -  29  -  86  13  :  48 

Stored  ■>  5  -  29  -  84  1  4  :  16 


A- 4 1 


TABLE  A-40 


KRlJlTlilS  SUWIAKI  HfcPURI 

- 

IJSARU4  IB3 

Gas  Seals  =.' 

1  - 

0  ' 

7b 

fc)  :  i 

RUN  CONDITIONS 

Analysis  =  > 

7  - 

3  - 

87 

8  :  E 

Stored  => 

7  - 

7  - 

87 

18  : 

335#  Aq.  ASIS  COAL 

1  sec.  9  0  Anps 

1  sec.  0  •  A*ps 

1 3 i? 0  Decrees  c.  9  0 

torr  with  ALTU&£  qrid 

757  nr.  Final  Pressure  for  100.194  liters 

JP8X-2398  (30%  aromatic) 

Injector  26  cm  Above  Extractor 

P1R0LTSIS  PRODUCT  DISTRIBUTION 

Dry  ut.  1 

L  har 

1 .58208 

r  ar 

11.3432 

U  as 

’2.5824 

U  ater 

3.56683 

0  1 3  5 1  n  ■; 

10.9253 

1.  AS  C0NP0S1U0N 

0  r  v  Lt  t .  Z 

7o 1 une  % 

112 

*:h 

‘7.0 

1  e  t  r(  a  n  e 

’’.1044/ 

.45706 

6.82835 

2.2761  1 

0 

CO 

1.4114- 

4 . 1 680 1 E- 2 

.60495 

0 

.80651 

H  y  •!  r  o  i  e  n 

1  . 

.51254 

0 

1 .28358 

0 

r  fj  2 

.  1  g  1  0 

3.03830E-3 

4.8841 7E- 2 

0 

.13026 

Acetylene 

1  y  .  0  !  4  V 

.54557 

17.5526 

1 .46224 

0 

Ethylene 

I  7.7756 

.52490 

15.2355 

2.54014 

0 

t  *.  h  a  n  e 

! .50804 

4.37678E-2 

1 .27043 

.31760 

0 

Frooylene 

4 /9l 

.08454 

3.78659 

.63131 

0 

benzene 

12.6712 

.13431 

1  1  .6968 

.97441 

0 

Paraffins 

.11940 

2.64200E-4 

.10234 

1 .70626E-2 

0 

Olef ins 

4.95522 

.09075 

4.24712 

.70810 

0 

HCH 

0 

0 

0 

0 

0 

A««on i a 

0 

0 

0 

0 

0 

cos 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

f 

« 

S02 

0 

0 

0 

t 

i 

Water 

3.56683 

.11342 

0 

.39627 

3.17*54 

Other 

0 

97.9008 

0 

1 

* 

1 00 


0  as  Total 


76.1 492 


61.3736 


11.6060 


4.10734 


TABLE  A- 41 


P1R0LTSIS  SUflHARY  SEPOIT 

MN  CONDITIONS 


279#  H4.  DEO*  COAL 
I  sec.  2  #  A*os 
I  sec.  (  1  A np$ 

1 3(J#  Decrees  c  .  *  #  torr  Kith  ALTUSE  Anil 
7599  no.  Final  Pressure  For  94.34##  liters 


USA  RUN  161 

dais  ‘.Seals  =.*  li  -  #  -  16  H  i  t 
Analysis  6-5-87  1 1  :  40 

Stored  =>  4-11-87  11:5 


JP8X-2398  (30%  aromatic) 
Injector  46  cm  Above  Extractor 

i  1R0LTSIS  PPOOUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  21.8279 

I  if  7.16843 

b  as  59.6989 

Ujter  2.59492 

Missini  8.7*967 

!j  AS  CONPOS I T I  ON 


nethane 

Dry  Ut.  Z 

9.64157 

VukiAt?  X 

4 . 1 84 7oE-2 

«; 

7.23118 

7H 

2.41*39 

7.0 

t 

cO 

4.51412 

9.79#76t-3 

1 .93561 

# 

2.58*51 

Hydro-ien 

5.73476 

.19923 

# 

5.73476 

* 

C02 

.31541 

5.0##65E-4 

.086*1 

* 

.22939 

Acetylene 

9 . 8  2  #  "  8 

2.63192E-2 

9.06557 

.75521 

* 

t  t  h  v  i  e  n  e 

6 .28442 

1  .6*1 / 4 E  - 2 

5.18989 

.89312 

* 

1  *  h  3  n  ? 

3.  72749E-2 

8.86474E-5 

2.9821 5E-2 

7. 45539E-3 

* 

Propylene 

.421 #5 

7.15223E-4 

.36*89 

6.9I694E-2 

* 

Ben: ene 

13.2211 

1  .2#926E-2 

12.2*44 

1 .0167* 

« 

Paraffins 

.7249# 

6.I5672E-4 

.62131 

.1*358 

« 

Olef  ms 

8.98382 

7.438«7E-3 

7.78*93 

1.28378 

« 

HCN 

a 

* 

8 

» 

1 

Artnoma 

# 

* 

) 

8 

« 

CuS 

# 

f 

f 

* 

« 

CS2 

# 

# 

t 

t 

( 

S02 

# 

« 

t 

< 

« 

Uater 

2.59492 

7 . 1 2#29£-3 

« 

.28829 

2.3(662 

Other 

« 

99.9259 

* 

# 

f 

Gas  Total: 

62.2939 

iaa 

44.4229 

12.5587 

5.11654 

,s 


A-43 


. A1  T  TTT  Vi  7T  .'  ^  vm  f.  5E.  V.V". 


TABLE  A-42 


P1RREP.000  is  ALREADY  OPEN 

PYROLYSIS  SUAMART  REPORT 


RUN  CONDITIONS 


3170  ng.  DEOX  COAL 
0  sec.  I  I  Anos 
f  sec.  (  I  Amps 

130#  Degrees  c.  8  0  torr  uith  ALTUBE  grid 
752  «n.  Final  Pressure  for  96.340#  liters 


USA  RUN  1 613 

Gas  Seais  =>  0-0-76  0:0 

Analysis  »>  6  -  8  -  8?  14  :  17 

Stored  =■>  4-9-87  10  :  41 


JP8X-2398  (30%  aromatic) 
Injector  56  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  I 


A 


f 

i. 


K 

I 

3 


s.' 


L  har 
1  ar 
lias 
Hater 
Missing 


37.0441 

3.82334 

52.4757 

3.56208 

3.09443 


OAS  COMPOSITION 


v 

r 

f 

i 


K 


Si 

t. 

f 


t 


Dry  Ut.  I 


nethane 

7.00315 

CO 

4.18474 

Hydrogen 

7.44479 

C02 

.22397 

Acetylene 

11.4195 

Ethylene 

2 .5o439 

Ethane 

.10065 

Propylene 

.31307 

Beniene 

15.2884 

Paraffins 

.27724 

Olefins 

3.66048 

HCN 

0 

Annonia 

0 

COS 

0 

CS2 

0 

S02 

0 

Water 

3.56208 

Other 

1 

66  0373 


R 


: 


ts*\’ *<*>*  ^V-V*.**  .*  */  /  •,*  - 


iV‘t  iVifti  > Ai ^mum\ i' 


Vo  luxe  % 

a; 

ZH 

7.0 

.34574 

5.25236 

1.75078 

0 

■i 

t> 

.12201 

1  .79366 

0 

2.39127 

f 

2.94015 

0 

7.4447? 

0 

r 

3.98936E-3 

4.I0779E-2 

0 

.16289 

.34707 

10.5413 

.87816 

0 

.07476 

2.19794 

.36645 

0 

2.73897E-3 

.08052 

2.0U02E-2 

0 

6.08543E-3 

.26833 

4.47386E-2 

0 

V 

.16001 

14.1127 

1.17567 

0 

2.69446E-3 

.23762 

3.96180E-2 

0 

, 

3.55753E-2 

3.13740 

.52308 

( 

f 

1 

0 

f 

0 

f 

f 

f 

.1 

f 

f 

0 

0 

f 

f 

0 

f 

•* 

f 

» 

0 

f 

*' 

.11184 

0 

.39374 

3.16633 

99.0398 

0 

f 

1 

."5 

100 

V  6851 

VZ  Mil 

5  ?Z85f 

> 

V 


3 


A-44 


.•-VCa.’ jsAaA 


.4 


TABLE  A-43 


PfROLTSlS  •JUfld^RT  REPOSI  -  USARU#  14# 

lias  Scats  =.>  (J-l-76  0:0 

RUN  CORD I  [  IONS  Analysis  *.*  9  -  II  -  86  15  :  31 

. . Stored  =>  9  -  11  -  84  15  :  18 

279#. 8#  nfl.  DEOX  COAL 
I  sec.  #  I  Anps 
I  sec.  #  #  Anps 

13##  Deqrees  c.  #  #  torr  with  ALTUBE  And 
746  n«.  Final  Pressure  for  94.4132  liters 


JP8X-2398  (30%  aromatic) 
Injector  66  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  «t.  Z 


Char  45.6929 
1 ar  1.95284 
uas  3#. 1392 
Ujter  .87688 
Missing  21.338# 

uAS  COnPOSI 1 104 


Dry  Ut.  Z 

'Jo  1mm;  X 

’X 

7.H 

7.0 

Nethane 

4.82525 

.21785 

3.61894 

1.20631 

0 

CO 

3.47437 

.#9479 

1  .57483 

0 

2.09953 

Hvdroien 

# 

« 

0 

0 

0 

C02 

1 .0*9636-3 

1 .756I3E-5 

2.91 690E- 4 

0 

7.77949E-4 

Acetylene 

5 . 7  3  3  0  * 

.15928 

5.29219 

.44087 

0 

E  t  n  y  1  e  n  e 

1  .#  34  36 

2.66863E-2 

.88655 

.14781 

0 

Ethane 

1  . 86  8 1 6t -  4 

4 . 49850E -6 

1 .49453E-4 

3.73633E-5 

0 

F  roovlene 

. 1 #207 

1 . 75571 E -3 

.08749 

1 .45868E-2 

0 

Bencene 

1 2.4935 

.1157# 

11.5328 

.96075 

0 

Paraffins 

.4675# 

4.#2#46E-3 

. 40069 

.06680 

0 

Olefins 

1 .29#77 

1 . I t##5E-2 

1.10632 

.18445 

0 

HIM 

.43838 

1 .!729#E-2 

.19481 

1 . 62202E-2 

0 

Annoma 

T .090846-2 

4 . 63547E-4 

0 

I.92537E-3 

0 

COS 

-7.1 952 1 E - 3 

-8.66294E-5 

-I.43904E-3 

0 

-I.9I896E-J 

CS2 

.#6525 

6 . 2»266E-4 

1 . 03038E-2 

0 

0 

S02 

9.635 1 1 E-3 

1 .(8755E-4 

0 

1 

4.81735E-J 

Rater 

.87688 

2.43635E-2 

0 

.09742 

.77946 

Other 

> 

99.3315 

• 

1 

• 

Oas  Total: 

31.(161 

1(( 

24.703? 

3.13720 

2.88267 

.'IVAWII, 


TABLE  A-44 


PTKOUSIS  SUHMAR1  ffcPUIT  - 


RUN  CONDITIONS 


2985  nq.  ASIS  COAL 
f  sec.  8  0  Abbs 
I  sec.  8  8  Abbs 

130#  Deqrees  c.  8  f  torr  uith  ALTU8E  qrid 
25/  bb.  Final  Pressure  for  188.194  liter] 


1JSA0UI  ltd 4 

lias  Scaas  =.>  0  -  1  -  26  0  :0 

Analysis  *>  7-3-82  8  :  21 

Stored  =>7-7-87  18  :  21 


JP8X-2429  (30%  aromatic) 
Injector  26  cm  Above  Extractor 

EIROLfSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  I 


C  har 
I  ar 
bis 
Uater 
M  ISSlnq 


.51926 
13.2663 
61 .7169 
3.94478 
28.5527 


G  AS  COMPOS  I T  ION 


nethane 

CO 

Hydroqen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Bencene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 


Dry  Ut.  I 

8.32198 
I  .  45834 
1.18493 

8 

5.25963 
17.6326 
I  .23543 
4.92462 
14.6672 
.60381 
6.23115 
0 
0 
8 
0 
8 

3.94470 

0 


Ualune  % 


Gas  Total:  65.6616 


.38574 

6.24148 

2.08049 

3.86277E-2 

.62504 

0 

.49537 

0 

1.38693 

0 

0 

0 

.14504 

4.85516 

.40446 

.46697 

15.1129 

2.51970 

3.0541 9E-2 

.98834 

.24708 

.06340 

4.22089 

.70372 

.13946 

13.5393 

1.12791 

9.64332E-3 

.51684 

.08617 

.08890 

5.34072 

.89043 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

.11252 

0 

.43825 

98.1467 

0 

0 

100 

51.4407 

9.88518 

>7-‘7>".w>  ;-■>;  a' 


fc 


TABLE  A- 4 5 

H1KULTSIS  SU WiMR I  «tfO«r  -  USADUII 


RUN  CONDITIONS 


1288  ha.  ASIS  COAL 
I  sec.  §  >  Arcs 
I  sec.  g  t  Anps 

I3#»  Decrees  c.  g  8  torr  with  ALTUB£  And 
?58  fin.  Final  Pressure  for  97.313#  liters 


JP8X-2429  (30%  aromatic) 
Injector  46  cm  Above  Extractor 

#* FROL f SIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  I 


C  har 

Tar 

bis 

Uater 

Oissinq 


17.6562 

6 

71  .8223 
1  .89638 
2.625## 


bAS  COMPOSITION 


Methane 

CO 

Hydro-ten 
C  0  2 

Acetylene 

Cthylene 

Ethane 

Prooylene 

Benaene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 


Dry  Ut.  I 

9.1875# 
4.18258 
3.98625 
.28125 
9.8125# 
l«.732« 
.27133 
.98457 
12.2995 
I .67183 
18.4684 
« 

# 

f 

( 

1.89638 

« 


Gas  Total: 


73.7187 


7.39479E-3 
1 .91667E-2 
.12892 
1  .62649E-2 
.17976 

» 

# 

# 

f 

3.96J48E-2 

98.3487 

!•« 


A-47 


1/8 

lias  Scats 
Analysis 
Stored 


0 

6 

7 


»  - 
3# 

7  - 


76 

87 

87 


0 

17 


:  0 


2# 

At 


Volurte  Z 

IC 

:h 

10 

.4525# 

6.89862 

2.29687 

1 

.12213 

1.79265 

8 

2.38993 

8 

1.54889 

i 

3.98625 

5.01 3I9E-3 

.87669 

8 

.28455 

.29815 

9.85791 

.75458 

4 

.31337 

9.iy83? 

1  .53368 

8 

.21786 

.84388 

11.3537 

1.43224 

15.8293 


56.6925 


5.42664E-2 
.  1  4069 
.94583 
.23879 
2.63914 


.21*68 


# 

I7.72#7 


.6837# 

4.28818 


“vjCt! 


■V  .VA.VA  ^  j-V  A  ■* 


TABLE  A- A 6 


P1R0L1SIS  SUMAAKt  «£HO«r  -  USA  SUM  I/I 

lias  Seals  =>  D  -  0  -  /d  t»  :  t 
KUN  CONDITIONS  Analysis  *>4-11-8/  14  ; 

- . - .  Stored  *>4-12-8/  1*  : 

28V*  ft<*.  DEOX  COAL 
I  sec.  (  I  Anps 
I  sec.  8  *  Anps 

1300  Decrees  c.  8  #  torr  with  AL1U8E  Arid 
/59  nn.  final  Pressure  for  94.4130  liters 


JP8X-2429  (30%  aromatic) 
Injector  56  cm  Above  Extractor 

PIROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Lhar  34. 1  93/ 

I ar  4.18485 

bis  48.443/ 

U  Iter  2.83452 

Missing  8.3391# 

bAS  COflPUS 1 1  ION 


Dry  Ut.  X 

Volume  X 

1L 

/.« 

XO 

nethane 

4.33318 

.28998 

4. 74913 

1.58304 

0 

CO 

4  .1  3944 

.11124 

1.77425 

0 

2.36539 

Hydro  ien 

7.4/484 

2.74835 

0 

7.47404 

0 

COJ 

.23875 

3.95256E-3 

.04510 

0 

.17364 

Acetylene 

9.45397 

.27299 

8.91 158 

.74239 

0 

Ethylene 

2. 19374 

5 . 89538E-2 

1.88027 

.31348' 

0 

Ethane 

2.34372E-3 

5 . 92845E-5 

1 .89098E-3 

4.72745E-4 

0 

Propylene 

.34886 

6.250I1E-3 

.29901 

4.9B527E-2 

0 

Benzene 

14.4533 

.14133 

13.5264 

1.12684 

* 

Paraffins 

.24124 

2.34015E-3 

.22391 

3.73315E-2 

0 

Olefins 

3.15995 

2 . 83042E-2 

2.70839 

.45155 

* 

hcn 

0 

0 

0 

0 

0 

Antonia 

0 

0 

* 

0 

• 

cos 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

S02 

* 

0 

0 

0 

0 

Water 

2.83432 

.082*9 

0 

.31513 

2.52139 

Other 

f 

99.1874 

0 

0 

0 

Gas  Total: 

51.2802 

10* 

34.140# 

12.0941 

5.06043 

TABLE  A- 4 7 


:'.r.  S'.VnAI-'f  litf'IJKI  I iSrtrflJ i*  !4i 

If  -  I  •  7b  t)  : 

i  -  0  -  ?4  0  : 

11-23-8?  8 

•  sec .  8  8  Ant; 
i  sec .  8  0  Artp  s 

1388  Deirees  c.  8  0  torr  with  AlfUBE  tnj 
;m  final  Pressure  for  180.194  liters 


■vi 

lt>)i  eq.  0£0X  COAL 


bas  be -iivs 
Analysis 
Stored 


JP8X-2429  (30%  aromatic) 
Injector  66  cm  Above  Extractor 

ply'll  (SIS  psuliucr  [IISIRIBUTIOA 

Ory  Ut.  z 


►  6a  r 
i  ic 
I  •  15 
ti  l* ar 

niSiini 


38.4624 
5.  I  ;  2  4  I 
18.1 
. 83484 
I  2.  1561 


‘‘I  ’  »«  "5  IM.IA 


'*•?  ♦  w.  ‘mp 
•M 

■>4  •  -1  r  o  .■)» 

|  0  ,1  A 

*■  ^  i  e 

fc  ’7.  4  1,4 

*  ■  r  n  0  1  t?  .i  P 
K  3  n  ?  ;1  O 
►* :> r '■« f  f  ms 

'  1  - r  * 

H '  M 

Annon  1  a 

COS 

Lb  2 

S02 

Uater 

Other 


'0l"Mr3 


mn 

‘J4-  00 ' 

b  4y  i  \ 

M  » 

-  4 

‘l-jV1) 

.  V7  23 

2244a, 

’ 1  ft  2 


Gas  Total: 


.82406 

0 

3V.00J8 


.  '.*!J  ]  2 

•; .  ?se 

1  .‘*2852 

>6 

-  •  ••>  V?  1  » 

0 

.  100*  n 

el 

1.66283 

1.01  04  7^3 

5 . 2  2  4  |  •>  2 

i) 

.21  Jib 

9.  0513 

.68355 

!  .64090E-3 

.  6  !  6  •'  6 

.  :•>  .86 

0.8?6.!?t:-6 

2.5ooV4t -4 

b.  4  1 ;  l6( 

1 . 45822E-3 

,08224 

1  .  i.M  >21 

.09594 

U .0/01 

.  *2 22 1 

1  .  ’025  'E  3 

.  i  v :  j  4 

1.-01L81 

5.44512E-3 

.6142! 

. 1 0340 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2.02302E-2 

f 

.09155 

99.2085 

0 

0 

III 

25.5691 

10.639? 

*:u 

4 

2  .  1  V  H  *J 


.  t  i9  32 


.73251 

3.07174 


A-49 


TABLE  A- 4 8 


PTRGUSIS  SUflfURT  REPORT 


RUN  COKBIT  IONS 


433*  <13.  NO  COAL 
I  see.  !  I  Anps 
I  sec.  I  I  Anps 

H 09  Degrees  c.  8  0  torr  with  ALIUBE  grid 
74 3  nn.  Final  Pressure  for  107.901  liters 


USA  RUN  31 

Gas  Scats  =>  0  -  0  -  74  0  :0 

Analysis  *>9-23-85  12  :  43 

Stored  *>  9-24-85  11:1 


Butane  1100°C 

Injector  6  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Char  0 

Tar  .14271 

lias  99.2707 

Water  2.15419E-2 

Missing  .54502 

GAS  COMPOSITION 


Dry  Ut.  Z 

Volute  Z 

zc 

ZH 

ZO 

Methane 

.08235 

7.33469E-3 

4.I7487E-2 

2.05895E-2 

0 

CO 

3.9307VE-2 

2.00040E-3 

1  .68473E-2 

0 

2.24605E-2 

Hydrogen 

0 

0 

0 

0 

0 

C02 

.21994 

7.I2284E-3 

5.997B4E-2 

0 

.15996 

Acetylene 

2. 34473E-2 

1.29599E-3 

2.I8288E-2 

1.81 84/E-3 

0 

Ethylene 

.31911 

1.50065E-2 

.27351 

4.5:01 “ E - 2 

0 

Ethane 

. 0679  j 

3.001 31E-3 

5.43443E-2 

1 .35B60E-2 

0 

Propylene 

.27832 

9.44278E-3 

.23855 

3.97728E-2 

0 

Benzene 

3.01218E-2 

5.30277E-4 

2.78054E-2 

2 . 3 1 637E-3 

0 

Paraffins 

98.0709 

2.21300 

84.0635 

14.0154 

0 

Olefins 

.12480 

3.49934E-3 

.  10696 

I.78342E-2 

0 

HCN 

1 . 20522E-2 

6.36064E-4 

5.35604E-3 

4.45935E-4 

0 

Aftrtoma 

-8.B0703E-4 

-7.38202E-5 

0 

-1.55444E-4 

0 

cos 

-1  . 33358E-3 

-3. 1 471  IE-5 

-2.6671 6E-4 

0 

-3.55444E-4 

CS2 

-.08445 

-1 . 62468E-3 

-1 . 36826E-2 

0 

0 

SQ2 

.18697 

4.I6302E-3 

0 

0 

.09348 

Water 

2.15419E-2 

1 . 18061E-3 

0 

2.39331E-3 

1 .91 484E-2 

Other 

0 

97.4963 

0 

0 

0 

Gas  Total: 

99.2922 

101 

84.9165 

14.1594 

.29470 

A- 50 


TABLE  A- 4 9 


P  TKOL  TS  IS  SUnitAKT  REPUST 

ft  UN  CONDITIONS 


6331  ng.  NO  COAL 
t  sec.  8  I  Anps 
I  sec.  t  0  Anps 

I1«»  Degrees  c.  g  0  torr  mth  AL TUBE  grid 
762  e«.  Final  Pressure  for  1 B7 . 901  liters 


USA  RUN  50 


Uas  'Scans  =) 

0 

-  0 

76 

0  : 

Analysis  *> 

9 

-  23 

-  85 

10 

Stored  => 

9 

-  24 

-  83 

1 1 

Butane  1100°C 

Injector  16  cm  Above  Extractor 

FTROITSIS  FROOUCT  DISTRIBUTION 
Dry  Ut.  I 


L  har  0 

T ar  .23222 

Uas  92.9904 

Water  5.22053E-2 

Missing  6.22511 


U  AS  CONPOS 1 1 1  ON 


Dry  Ut.  Z 


Nethane 

CO 

Hydrogen 

C02 

Acetylene 
Ethy  lene 

c  . :  j  .»* 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 

Gas  Total: 


1.28018 
.31180 
■  4360 1 
.13443 
.10950 
4.19399 
.63981 
2.51816 
.08169 
82.8767 
.40758 
2.22047E-2 
1 .82423E-3 
-1.I2255E-3 
-.#7561 
.16*75 
3.22I53E-2 
I 


93.0426 


Voilllil  X 


.11415 
I . 58885E '2 
.28699 
4.35949E-3 
6 . 00951 £-3 
.21 371 
2 . 80052E-2 
.07859 
1 .49436E-3 
1.86994 
1  .43963E-2 
1 . I 7339E-3 
1 .531I7E-4 
-2.66943E-5 
-I.4I947E-3 
3 . 58373E-3 
2.86487E-3 
96.8484 


100 


XC 

.96007 

.13363 

0 

3.6661 4E-2 
.10108 
j.li’lo  ’ 
.51184 
2.15832 
.07541 
71.0336 
.34933 
9.86777E-3 
0 

-2.24510E-4 

-1.19387E-2 

0 

0 

0 

78.9524 


ZH 

.32002 

0 

.43601 

0 

8.421 2 1 E- 3 
.59 932 
. I  2796 
.35984 
6 . 28223E- 3 
11.8430 
5.82436E-2 
8. 21 574E-4 
3.21978E-4 

3.80001E-3 

13.7661 


XU 

.17816 

.  09777 


-2.99384E-4 

0 

.08037 

4.64053E-2 

0 

. 41747 


YHYVV 


TABLE  A- 50 


PT8QL ISIS  SW1IMRT  REPORT  -  USARUR  52 


1 


h'UN  CONDITIONS 


433#  ng.  NO  COAL 
f  sec.  8  f  A eps 
I  sec.  #1  Anps 

1188  Degrees  c.  #  •  torr  uith  ALTUBE  grid 
763  «n.  Final  Pressure  for  II?. 828  liters 


Butane  1100°C 

Injector  26  cm  Above  Extractor 

P TPOLYS IS  PRODUCT  DISTRIBUTION 


lias  Scais  =>  0-0-76  1:0 

Analysis  »>  9-23-85  15  S  1 

Stored  »>  ?  -  2A  -  85  11  :  J 


Char 
T  ir 
Uas 
Uater 
Missing 


Dry  Ut.  Z 


.11532 

97.8934 

.582*8 

1.41916 


GAS  COHPOSiriON 


Gas  Total:  98.4755 


a 

Dry  Ut.  Z 

Volune  Z 

XC 

ZH 

IQ 

rtethane 

6 . 81943 

.5978# 

5.18787 

1.78235 

8 

•_ 

CO 

.86749 

4.35I85E-2 

.37188 

8 

.49568 

Hydrogen 

1.19431 

.7738# 

8 

1.19431 

8 

«g 

C02 

6.281 18E-4 

1 .97965E-5 

1 .69186E-4 

8 

4.51812E-4 

gj 

Acetylene 

.78786 

4.25289E-2 

.72653 

6.85251E-2 

8 

5j 

Ethylene 

22.3175 

1.82988 

19.1283 

3.18917 

8 

> 

Ethane 

2.11532 

.89899 

1.69225 

.42386 

8 

R 

Propylene 

3.43833 

.26468 

7.39785 

1.23327 

8 

Benzene 

1.39716 

2.51684E-2 

1.28972 

.18744 

1 

T'N 

Paraffins 

51.7867 

1.1479? 

44.3864 

7.48832 

8 

r> 

Olefins 

1.98894 

5.44882E-2 

1  .78472 

.28421 

1 

HCN 

-5.46558E-2 

-2.84337E-3 

-2. 42887E-2 

-2.82223E-3 

8 

k 

Annorua 

1 . 44423E-2 

1 . 1 9332E-3 

8 

2.54988E-3 

8 

k 

cos 

-3.77467E-4 

-8.83688E-6 

-7.54934E-5 

8 

-1 . 88678E-4 

i- 

CS2 

-4.81 884E-2 

-8.98628E-4 

-7.68896E-3 

1 

8 

• 

S02 

4.58622E-2 

9.89I87E-4 

8 

1 

2.2531  IE-2 

f.* 

Uater 

.58288 

3.14472E-2 

8 

.16467 

.51741 

9 

Other 

1 

95.8854 

1 

8 

8 

81.7721 


15.6598 


1  .13598 


WW5 


555? 


TABLE  A- 51 


PTKOLlSIli  S Ufi BAR T  «EPO«T  -  USARtJK  48 


lias  Scans  =; 

8 

-0-74 

B  : 

0 

PUN  CONDITIONS 

Analysis  => 

9 

-19-85 

15 

:  5B 

Stored  => 

9 

-24-85 

1  1 

:  3 

4330  ng.  NO  COAL 
I  sec.  0  I  A«ps 
I  sec.  0  I  Asps 

1100  Degrees  c.  0  I  torr  uith  ALTUBE  grid 
744  an.  final  Pressure  for  111.754  liters 


Butane  1100°C 

Injector  36  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Char  f 

far  1.11 058 

U  as  IBB. 159 

Ulter  .53258 

Missing  -I .88252 

HAS  CQrtPOSIT ION 


Dry  Ut.  Z 

Volume  I 

XC 

ZH 

ZO 

Nethane 

13.1714 

1.14433 

9.87841 

3.29287 

0 

CO 

1.13814 

5 . 42B5BE  -2 

.48438 

0 

.44574 

Hydrogen 

1.73775 

1.10599 

0 

1.73775 

0 

C02 

8.5*J49E-4 

2.70384E-S 

2.32V80E-4 

0 

4.21 348E-4 

Acetylene 

3.85213 

. 1 4900 

2.81742 

.23470 

0 

Etnylene 

39.3254 

1  .78193 

33.7058 

5 . 4  1  V  40 

0 

£  Urine 

1.94011 

.09098 

1.54809 

.39202 

0 

Propylene 

■O 

-G 

L» 

CD 

04 

.27999 

7.965  ’4 

1 .32808 

0 

Benzene 

7.24917 

.  i  :v,v 

4.71017 

.55899 

0 

Paraf f i n  s 

20 

.43573 

17.1420 

2.85800 

0 

Olefins 

3.2180B 

.08480 

2.75815 

.45985 

0 

HCN 

- 1  .  1 7424E-2 

-4.05408E-4 

-5.21B33E-3 

-4.34449E-4 

0 

Artfion  i  a 

3.03197E-2 

2.48355E-3 

1 

5.35I42E-3 

0 

cos 

2.91 943E-3 

4.77402E-5 

5.83924E-4 

f 

7.78465E-4 

CS2 

-3.B283IE-2 

-5.54843E-4 

-4.7B17IE-3 

0 

1 

S02 

- . B444B 

- 1  . 40574E- 3 

» 

0 

-3.23041E-2 

Water 

.53258 

2 , 85241 E- 2 

1 

5 .91 699E-2 

.47341 

Other 

f 

94.1124 

1 

I 

» 

Gas  Total: 

IBB. 491 

Iff 

83.1212 

14.5459 

1.18827 

TABLE  A- 5 2 


PTROLTSIS  SUM HART  I6POIT 

RUN  CONDITIONS 


433#  ng.  NO  COAL 
0  5K .  0  *  Asps 
I  sec.  0  #  Anps 

110#  Degrees  c.  9  #  torr  with  ALTUBE  grid 
743.501  AH.  Final  Pressure  for  111.754  liters 


USARUI  4V 

Gas  Scats  =>  0-0-74  0:0 

Analysis  *>  9  -  2#  -  85  11  :  1 

Stored  *>  9-24-85  11:1 


Butane  1100°C 

Injector  46  cm  Above  Extractor 

PTROLTSIS  PRODUCT  distribution 


Dry  Wt.  Z 


Char  0 

Tar  1.34439 

Gas  99.48#! 

Uater  .42093 

Missing  -1.44549 

GAS  COMPOSITION 


Methane 

Dry  Ut.  Z 

14.1035 

Col  une  Z 

1.38846 

a: 

12.0776 

IH 

4.02588 

10 

« 

CO 

1.17077 

5.76840E-2 

.50179 

0 

.66898 

0 

Hydrogen 

2.18325 

1.38899 

0 

2.18325 

C02 

5.09491E-4 

1 .59741E-5 

1  . 38938E-4 

0 

J,70552E-« 

0 

Acetylene 

4.37341 

.23799 

4.49883 

.37478 

Ethylene 

45.4391 

2.05907 

38.9459 

6.49325 

0 

E  thane 

1.93945 

.08918 

1.55156 

.38789 

0 

Propylene 

7.13584 

.21499 

6.11614 

1.01971 

f 

Benzene 

9.18584 

.16246 

8.47947 

.70639 

0 

Paraffins 

B. 327*1 

.1814# 

7.13708 

1.1 8993 

I 

Olefins 

3.12144 

.0842# 

2.67556 

.44608 

0 

HCN 

4.80294E-2 

2.454#1E-3 

2 . 1 3443E-2 

1.77709E-3 

0 

Annonia 

3.#4444E-2 

2. 47#7#E-3 

f 

5.37380E-3 

0 

COS 

3.2#588E-3 

7.37H4E-5 

6. 41 1 76E-4 

1 

8.55009E-4 

| 

CS2 

2.I5354E-3 

3.72753E-5 

3.24254E-4 

# 

S02 

-.#9417 

-2.#2986E-3 

f 

1 

-4.7#853E-2 

Uater 

.42*93 

3.29463E-2 

« 

.#6898 

.55195 

Other 

f 

96. #696 

f 

« 

« 

Gas  Total: 

1«f.l«1 

100 

82.1064 

16.9*33 

1 . 1 75#7 

TABLE  A- 5 3 


PTR01TS1S  SUMfUWl  »EPH«T 

RUN  CONDITIONS 


4331  ng.  NO  COAL 
I  sec.  I  f  Anps 
I  sec.  t  I  Reps 

ll#»  Degrees  c.  0  I  torr  tilth  ALTUBE  grid 
35;  an.  Final  Pressure  for  111.754  liters 


USA  RUN  53 

Gas  Scats  =>  *  -  0  -  76  0  :0 

Analysis  *>9-24-85  12  :  24 

Stored  *>  9-24-85  14  :  11 


Butane  1100°C 

Iiyector  56  cm  Above  Extractor 

FTROLTSIS  PRODUCT  DISTRIBUTION 
Dry  ut.  Z 


Char  0 

If  2.06161 

Gas  101.160 

Water  .40364 

Missing  -3.62559 

UAS  COMPOSITION 


Methane 

CO 

H idro  jen 
C  02 

Ac  ety lene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 

Gas  Total: 


Dry  ut.  Z 


18.9035 
I  .  V  2  3  ?  a 
2.96998 
T.52052E-4 
4-90205 
46.2985 
1  ..’5072 
5.11848 
10.7317 
3.49034 
2.97788 
.23271 
3. 19180E-2 
2.547496-3 
2.61 2896-3 
-.10271 
.40364 

0 


101 .563 


U  0  v  un  »  I  VX 


1 .43517 

14.1026 

.09560 

.82461 

1  .88996 

0 

4.808246-6 

4.146466-5 

.33700 

4.37128 

2.0980! 

39.6825 

.08119 

1 .  40057 

.15420 

4.38705 

.19143 

9.90647 

.08039 

3.16301 

.08030 

2.55234 

I.19925E-2 

.10342 

2.6I235E-3 

1 

5 . 90755E-5 

5. 09498E-4 

■  4 . 78359E-5 

-4.1  2576E- 4 

■2.2330 4E-3 

f 

2.14010E-2 

0 

95.7422 

0 

10* 

82.4940 

ZH 

ZU 

4.78087 

0 

0 

1.09936 

2.94998 

0 

0 

1 . 1 0587E-4 

.53074 

0 

6.61604 

0 

.35014 

0 

.73143 

0 

’ .82527 

* 

.52735 

1 

.42553 

0 

8.61058E-3 

» 

5.63353E-3 

0 

6 .794 166-4 

» 

-5.1 3576E-2 

4 . 48452E-2 

.35880 

1 

1  7.7365 

1.40759 

TABLE  A- 5 A 


PTRULTSIS  SUHHART  REPORT 

RUN  CONDITIONS 


433#  ng.  NO  COAL 
<  sec.  #  I  Anps 
f  sec.  8  f  Anps 

11##  Decrees  c.  i  I  torr  with  ALTUBE  g r i J 
764  nn.  Final  Pressure  for  111.754  liters 


Butane  11 00°C 

Injector  66  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  5.32922E-2 

Tir  3.95892 

Gas  97.1#55 

Uater  .52797 

Missing  -1.6477# 

GAS  COMPOS  I T ION 


Dry  Ut.  Z 

Yolune  X 

XC 

XQ 

Methane 

17.326# 

1.49289 

12.9945 

4.33151 

0 

CO 

1 .52801 

.07523 

.6549# 

( 

.87310 

Hydrogen 

3.60821 

2.29581 

» 

3.60821 

0 

C02 

1 .71#49E-4 

5.35942E-6 

4.66452E-5 

0 

1 .24404E-4 

Acetylene 

9.87045 

.48206 

9.11142 

.75903 

0 

E  thy  I ene 

44. 1374 

2 

37.83*2 

6.30724 

0 

Ethane 

1 .23605 

5.68020E-2 

.98884 

.24721 

0 

Propylene 

5 . 53063 

.18154 

4 .74*3# 

.79032 

0 

Benrene 

11.1255 

.19664 

18.2699 

.85555 

0 

Paraffins 

.38072 

8 . 29842E-3 

.32632 

5.44058E-2 

0 

Olefins 

2.36176 

.06370 

2. #2427 

.33749 

0 

HCN 

.49473 

2.5261  3  E - 2 

.21985 

1.83051E-2 

0 

Annoma 

3.07890E-2 

2. 49686E-3 

( 

5. 43427E-3 

f 

COS 

2.6631  3  E - 3 

6. 1 1 9 1 4E-5 

5.32627E-4 

( 

7.1 #258E-4 

CS2 

1.0240IE-2 

I.85755E-4 

1.6I691E-3 

( 

( 

502 

-.09832 

-2.1 1796€-3 

# 

( 

-4.91610E-2 

Water 

.52797 

2.79953E-2 

» 

5. 86576E-2 

.46931 

Other 

1 

96.(398 

# 

( 

« 

Gas  Total: 

97.6334 

1#f 

79.1628 

17.3734 

1.29409 

-  USARUA  47 

Gas  Scaas  =>  I  -  0  -  76  0  :  0 

Analysis  =>9-19-85  10  :  5 

Stored  =>  9-24-85  11:7 


2/4 


4D-MH  (11 
UNCLASSIFIED 


EXPERIMENTS  AND  MODELING  OF  MULT I -COMPONENT  FUEL 
BEHAVIOR  IN  COHBUSTIONCU)  ADVANCED  FUEL  RESEARCH  INC 
EAST  HARTFORD  CT  P  R  SOLOMON  ET  AL.  MAR  tt 
AFHAL-TR-87-2R97  F33S15-D4-C-2478  F/Q  21/4 


TABLE  A-55 


PTROLTSIS  SUM  MAIN  I  EPOS  I 


USA  RUM  61 


RUN  CONDITIONS 


433#  119.  ASIS  COAL 
I  sec.  t  f  Anps 
I  sec.  t  I  Anps 

I3#«  Decrees  c.  (  I  tore  tilth  ALIUBE  grid 
764  an.  Final  Pressure  for  94.34##  liters 


Butane  1 300°C 

Injector  6  cm  Above  Extractor 
f  TROLTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  I 


(la's  Scan  =)  0-0-76  1:0 

Analysis  *>  If  -  22  -  05  1#  :  » 

Stored  ■>  1#  -  22  -  85  12  :  46 


t  har 
1  ar 
lias 
Uater 
Missing 

GAS  COMPOSITION 


.12954 
94.34I7 
5 . 73878E-2 
3.47235 


Dry  Ut.  Z 


Volume  2 


Methane 

1.16814 

.11558 

.8761# 

.29283 

% 

CO 

.58871 

3. 32858E '2 

.25232 

# 

V 

Hydrogen 

.36571 

. 27#0# 

« 

.34571 

•» 

C02 

7.69844E-3 

2.76987E-4 

2 . #9936E -  3 

# 

\ 

Acetylene 

.23394 

1 . 42446E-2 

.21595 

1 .79904E 

,*s 

Ethylene 

4.26744 

.2412? 

3.65763 

.60981 

1 

Ethane 

.71516 

3 . 70000E'2 

.57213 

.14303 

f 

Propylene 

2. #6919 

.#7984 

1.77350 

.29568 

Bencene 

. 1 7062 

3.46305E-3 

.1575# 

1 .31210E 

”! 

Paraffins 

86.0643 

2.1750# 

73.7474 

12.2988 

Olefins 

.68396 

2.13999E-2 

.58622 

.09773 

HCN 

3.35735E-2 

1.96853E-3 

1  .492##E-2 

1 .2422ZE 

Aanoma 

4.23767E-3 

3.94628E-4 

f 

7.47948E 

« 

COS 

-1 ,9249#E-3 

-5.#788BE-5 

-3.84981E-4 

f 

1 

CS2 

-5.579#9E-2 

-1.14214E-3 

-8.8# 9J9E-3 

• 

S02 

.1423# 

3.52#1 7E-3 

( 

« 

Uater 

5.7387SE-2 

3 . 49427E-3 

t 

6.37S78E 

m 

Other 

1 

99.2194 

f 

# 

Ml 

Gas  Total: 

96.3981 

Iff 

81.8666 

14.1423 

.  59907E-3 


•13372E-4 

.17115 
. 1 #1 2#E-2 


"  «.■  s’  V 
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TABLE  A- 56 


PTROLTSIS  SUM  MAT  IEPOIT  -  USAIUI  40 


RUN  CONDITIONS 


4330  «$.  ASIS  COAL 
f  sic.  0  f  Aops 
0  sic.  8  I  Alps 

1311  Degrees  c.  0  0  torr  with  ALTUBE  grid 
767  in.  Final  Prissure  for  78.2638  litirs 


Gas  Scan  »>  i  -  *  -  26  0:0 

Analysis  «>  10-21-03  IS  :  13 

Stand  «>  10  -  21  -  03  16  :  31 


Butane  1300°C 

Injector  16  cm  Above  Extractor 
FTROITSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  Z 


Char 
T  ar 
Gas 
Oatlr 
Missing 


.71070 

103.320 

.46810 

-4.67784 


GAS  COMPOSITION 


Dry  Ut.  Z 

Uelune  Z 

ZC 

ZH 

10 

Methane 

7.34356 

.7171? 

5.50767 

1.83587 

0 

CO 

2.17730 

.12184 

.7331? 

0 

1.24411 

Hydrogen 

1.24170 

.87875 

0 

1.24170 

0 

C02 

1 -62526E-4 

5.78802E-6 

4.4321  IE-5 

0 

1 . 1 8205E-4 

Acetylene 

1.90148 

.11460 

1.75544 

.14623 

0 

Ethylene 

22.3522 

1.24773 

17.1581 

3.17414 

0 

Ethane 

1.17204 

6.I2172E-2 

.73745 

.23441 

0 

Propylene 

7.95892 

.27884 

6.82157 

1.13733 

0 

Benzine 

1.84227 

3.74II7E-2 

1.71708 

.14321 

0 

Paraffins 

33.2717 

1.36740 

47.3733 

7.87832 

0 

Olefins 

2.24012 

.06867 

1.72001 

.32011 

0 

HCN 

1.52312E-2 

8.83750E-4 

6.76874E-3 

5.63354E-4 

0 

Annonia 

1.80574E-2 

T .64463E-3 

0 

3.18732E-3 

0 

COS 

-1.31 307E-4 

-3.42728E-6 

-2.62617E-3 

0 

-3.50203E-5 

CS2 

-.07036 

-I.43004E-3 

-1.I1111E-2 

0 

0 

S02 

4.24677E-2 

1 .03774E-3 

0 

0 

2.12338E-2 

Water 

.46810 

2.821 I6E-2 

0 

3.20066E-2 

.4160? 

Other 

0 

74.7223 

0 

0 

0 

Sas  Total: 

103.788 

100 

86.1218 

16.2071 

1.68132 

T>.  ■r.  r,  n." V«/' 
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TABLE  A- 5 7 

PYROLYSIS  SUMMARY  RE PORT  -  USARUI  39 


RUN  CONDITIONS 

633*  ng.  ASIS  COAL 

1  sec.  8  8  Anps 
i  sec.  t  f  Anps 

1311  Degrees  c.  t  1  torr  Kith  ALTUBE  grid 

767  nn.  Final  Pressure  for  188.193  liters 

lias  Seals  => 
Analysis  -> 
Stored  »> 

0  -  0  -  76 

ID  -  21  -  85 
If  -  21  -  83 

0  :  0 

13  :  35 
16  s  12 

Butane  1300°C 

Injector  26  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  Z 


Char 

T  ar 

Gas 

Uater 

Missing 

.36492 

.68821 

99.7941 
.33238 
-1 .19952 

GAS  COMPOSITION 

Dry  Ut.  Z 

Volune  % 

zc 

ZH 

ZO 

Methane 

14.2686 

1.26899 

18.6954 

3.56516 

8 

CO 

2.99758 

.16342 

1.28473 

8 

1.71277 

Hydrogen 

2.26224 

1.68599 

8 

2.26224 

8 

CQ2 

3.28682E-4 

1 . 1 4833E-5 

3.9631 6E-5 

8 

2. 39858E-4 

Acetylene 

4.68484 

.26897 

4.32384 

.36828 

8 

Ethylene 

48.1374 

2.18684 

34.4818 

5.73564 

8 

Ethane 

1.97448 

.18847 

1.57959 

.39489 

8 

Propylene 

8.11532 

.29889 

6.95564 

1.15967 

8 

Benzene 

6.52868 

.127 77 

6.82662 

.58285 

8 

Paraffins 

15.2869 

.36938 

13.8338 

2.17387 

8 

Olefins 

3.62717 

.18918 

3.18884 

.51832 

8 

HCN 

.13837 

7.371 48E-3 

5.79488E-2 

4.82398E-3 

8 

Annonta 

2.93458E-2 

2.63388E-3 

8 

5. 1 7939E-3 

8 

COS 

2.62488E-3 

6.67629E-3 

5.24816E-4 

8 

6.99842E-4 

CS2 

-2.443IIE-2 

-4.98783E-4 

-3.85749E-3 

8 

8 

S02 

-.87779 

-1 . 83336E-3 

8 

8 

-3.S8971E-2 

Uater 

.33238 

1.93134E-2 

8 

3.69288E-2 

.29345 

Other 

8 

93.2976 

8 

8 

8 

6as  Total: 

188.126 

188 

81.4631 

16.7182 

1.97827 

A-59 
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TABLE  A- 58 

PYROLYSIS  SlIAMART  REPORT  -  USARUA  54 


RUN  CONDI  I  IONS 


4331  «9.  NO  COAL 
I  SAC.  If  Anps 
I  lie.  II  Anps 

1311  Degrees  c.  I  I  torr  uith  AL TUBE  grid 
773.711  no.  Final  Pressure  for  1fl.lf4  liters 

COAL 

Butane  1300°C 

Injector  36  cm  Above  Extractor 
P YROLYSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  Z 


Char 

Tar 

Gas 

Hater 

Hissing 


3.41914 
I  .50078 
89.9245 
.25395 
5.91153 


GAS  CONPOSiriON 


Nethane 

CO 

Hydrogen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 


Dry  Ut.  Z 

17.4945 
3.54384 
4.31173 
.23452 
11.4913 
34.7131 
.98578 
2.1  3428 
11.4473 
.95892 
3.39652 
.71747 
2.73433E- 
I.I54I2E- 
4.I037IE- 


S02 

-.18149 

Uater 

.25393 

s 

Other 

1 

y;: 

Gas  Totali 

89.1783 

& 

G as  Scant  »> 

Analysis  *> 
Stored  ■> 


1-1-76 
II  -  8  -  15 
II  -  8  -  83 


»  :  » 

I  :  43 
12  i  M 


Vo  lune  % 

IC 

XN 

ZO 

1.43794 

13.1209 

4.37363 

1 

.19147 

1.52744 

0 

2.13638 

3.15284 

I 

4.30173 

1 

8.I5277E-3 

.04451 

0 

.17212 

.41399 

9.86827 

.82208 

• 

1.89011 

29.7439 

4.95905 

0 

4.89983E-2 

.78862 

.19715 

1 

.17840 

1.82929 

.30498 

1 

.20487 

9.84714 

.82131 

• 

2.329I4E-2 

.82189 

.13713 

1 

.11219 

2.91114 

.48536 

I 

3.92638E-2 

.31449 

2.6184IE-2 

I 

2.4I948E-3 

• 

4.B26I9E-3 

• 

2.43440E-5 

2.11 21 5E- 4 

1 

2.81642E 

8.04934E-3 

6.448I6E-4 

I 

I 

-I.9I74IE-3 

I 

1 

-4.I7489E 

1.46321E-2 

1 

2.821 43E-2 

.22374 

17.8311 

I 

I 

• 

111 

71.8384 

16.4616 

2.39368 

A-60 
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TABLE  A- 59 


FtROUSlS  SUMMART  REFORf 

RUN  CONDITIONS 


6330  «g.  AS  I S  COAL 
I  sec .  !  I  Anps 
0  sec.  0  I  Anps 

130#  Degrees  c .00  torr  with  ALTUBE  grid 
768. 700  nn.  Final  Pressure  for  98.26?#  liters 


USA  RUN  5? 


Gas  Scons  =*> 

0-0-76 

0  :  0 

Analysis  => 

1#  -  2#  -  85 

12  : 

15 

Stored  => 

1#  -  2#  -  85 

14  : 

14 

I 


i 

t 


I 


Butane  1300°C 

Injector  46  cm  Above  Extractor 

PTFOLTSIS  PRODUCT  DISTRIBUTION 


Dry  Wt.  Z 


Char 

6.9368# 

r  ar 

2.16429 

Gas 

84.7075 

Water 

.22133 

Missing 

5.96998 

gas  composition 

Dry  Ut.  2 

Uo lu«f  X 

%C 

1(3 

Methane 

1  7.0233 

1.64123 

12.7674 

4.25582 

0 

CO 

3.54817 

.1954? 

1.52074 

0 

2.02742 

Hydrogen 

5.54502 

4.01300 

0 

5.54502 

0 

co: 

,947’] 

3. 32260E-2 

.25844 

0 

.68928 

Acetylene 

15.  ’109 

.91999 

14.502? 

1.20816 

0 

£  *.  h  y  lene 

J  9 . 1*48 

1 .61896 

24.9885 

4.16622 

0 

tthane 

.45593 

2 . 34438E-2 

.36474 

.091  18 

0 

Propylene 

.35545 

1  .3295  IE-2 

.30465 

5.07938E-2 

0 

Benrene 

10.8325 

.21423 

9.99950 

.83302 

0 

Par af f ins 

1 

0 

f 

f 

f 

Olefins 

1.35545 

4.  16027E-2 

1.16175 

.1936? 

0 

HCN 

1 .04893 

5 . 99278E-2 

.46614 

3.88104E-2 

0 

A**oni a 

2. I6443E-2 

I.96399E-3 

1 

3.S2021E-3 

0 

COS 

6.60438E-4 

1.49795E-5 

1.32087E-4 

0 

1.76138E-4 

CS2 

-2.19518E-3 

-4.45557E-5 

-3.46620E-4 

0 

0 

S02 

-5 . 921 28E-2 

-1.42718E-3 

0 

0 

-2.96064E-2 

Water 

.22133 

1 .3131 5E-2 

0 

2.45899E-2 

.19674 

Other 

0 

96.2711 

0 

0 

0 

Gas  Total: 

84.9289 

100 

66.3346 

16.4111 

2.88402 

A-61 
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TABLE  A- 60 


WVV  <V  IffcVt 


PYROLYSIS  SUIR1RRT  REPORT  -  USARtll  58 


RUN  CONDITIONS 


633*  ng.  ASIS  COAL 
•  sec.  *  f  Anps 
i  sec.  *  I  Anps 

13#*  Degrees  c.  #  •  torr  Kith  ALTUBE  grid 
768  ah.  Final  Pressure  for  98.2668  liters 


Butane  1300°C 

Injector  56  cm  Above  Extractor 

FTROLTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  Z 


L'har 
T  ar 
Gas 
Uater 
Missing 


9.6714* 
1.74565 
77.4432 
.7*367 
1 « .436* 


GAS  CONPOSITION 


Nethane 

CO 

Hydrogen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Aneonia 

COS 

CS2 

SQ2 

Uater 

Other 


Dry  Ut.  Z 

15.1876 
3.34437 
6.34597 
.82923 
17.2985 
21.4297 
.17693 
1  .68878 
1 #.25(3 
« 

.89257 
1.27366 
1 .49971E-2 
-4.84647E-4 
1.11 2»3E-2 
-3.61 862E-2 
.7*367 


Gas  Total:  78.1469 


Gais  Scans  =>  #  -  I  -  76  0  :  0 

Analysis  =>  1*  -  21  -  85  10  :  47 

Stored  ’>  1*  -  21  -  85  II  :  39 


Vo  lu  re  X 

7.  C 

XH 

1.45565 

11.39*7 

3.79692 

.18316 

1.43339 

« 

4.59244 

( 

6.34597 

2.89*1  IE-2 

.22613 

« 

1.(1302 

15.9683 

1.33(26 

1.18997 

18.3673 

3 . (623f 

8.99739E-3 

.14154 

3.S3870E-2 

6 . 1  7057E-2 

1.44745 

.24132 

.2*152 

9.46212 

.78825 

* 

« 

( 

2 . 73958E-2 

.765*2 

.12754 

.*7234 

.566*1 

4.71 256E-2 

1 . 35284E-3 

* 

2.647((E-3 

-1.23868E-3 

-9.69294E-5 

( 

2.24385E-4 

t.755?#E-3 

( 

-8.67I65E-4 

( 

( 

4.15»39E-2 

( 

.(7817 

95.99*5 

f 

* 

It* 

59.7698 

15.8559 

1.91*97 

« 

.6*31* 

# 

* 


-1.29255E-4 

« 

-1 . 8*93 1 E- 2 
.6255* 

* 

3.12135 


M  A  >V  > 


TABLE  A-61 


PIKOLTSIS  SUMM4R1  REPORT 


K  UN  CONDITIONS 


433*  ng.  NO  COAL 
I  5*C.  0  I  A«ps 
f  sec.  g  »  Aeps 

I3»»  Degrees  c.  g  I  torr  with  ALIUBE  and 
645  ««.  Final  Pressure  for  115.974  liters 


USA  BUI  54 

Gas  Scais  =  7  1-1-76  0:0 

Analysis  *>9-24-85  20  :  31 

Stored  *>  9  -  25  -  85  1  1  :  11 


Butane  1300°C 

Injector  66  cm  Above  Extractor 

P1R0LTSIS  PRODUCT  DISTRIBUTION 

»  Dry  Ut.  Z 


C  har 

25.5939 

Tar 

O' 

ro 

NJ 

M 

Gas 

65.2285 

Uater 

1 .06215 

Missing 

6.48815 

GAS  COMPOS Z  r I OM 

Dry  Ut.  Z 


Methane 

9.51841 

CO 

3.03310 

Hydrogen 

1 1 .5924 

C02 

.70898 

Acetylene 

21.7693 

Ethylene 

8.26540 

Ethane 

1  .  270I3E-5 

Propylene 

t> 

Benzene 

10.0899 

Paraffins 

.11374 

Olefins 

.09478 

HCN 

1.18561 

Anro.ua 

4.211 97E -3 

COS 

-3.I5989E-3 

CS2 

2 . 40891 E-3 

S02 

3.641 95E-3 

Uater 

1.04215 

Other 

« 

6as  totals 

66.2916 

do  lu  y 

ZC 

:<h 

XQ 

.99363 

7.13881 

2.37960 

0 

.18093 

1  .29998 

0 

1.73311 

8.89142 

f 

1 1 .5924 

0 

2 . 66098E -  2 

.19115 

0 

.50982 

1.28114 

20.0952 

1.67406 

0 

.45115 

7.08427 

1.18112 

0 

7.071  48E-.’ 

1 .  01  6 I 0E  -  5 

2 . 54026E-6 

0 

1 

1 

1 

f 

.21606 

9.31406 

.77591 

I 

2.97744E-3 

.09749 

1.62540E-2 

0 

3.08270E-3 

.08124 

■ . 35450E- 2 

0 

.07334 

.52688 

4.38678E-2 

1 

4. 1 3828E-4 

0 

7.4341 3E-4 

0 

-8.7964IE-5 

-4.3I979E-4 

f 

-8.42744E-4 

5.294I9E-5 

3.80367E-4 

f 

0 

9.5I449E-5 

* 

f 

1 . 02097E-3 

.16823 

» 

.11810 

.94415 

97.6447 

0 

0 

0 

Iff 

45.8289 

17.7955 

3.18807 

TABLE  A- 6 2 


PYROLYSIS  SU4MARY  REPORT  -  USARUI  6] 


Gis  Scans  => 

f  -  t  -  76 

0  :  0 

RUN  CONDITIONS 

Analysis  *> 

If  -  23  -  83 

14  : 

433f  ng.  ASIS  COAL 

4  sec.  8  4  Anps 
f  sec.  f  f  Anps 

I2ff  Degrees  c.  f  f  torr  with  ALTU8E  grid 

754  nn.  Final  Pressure  for  1 44.447  liters 

Stored  *> 

If  -  23  -  85 

IS  t 

Butane  1200°C 

Injector  66  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRI8UTI0N 

Dry  Ut.  Z 

Char 

8.33965 

T  ar 

1.53554 

Gas 

7S.2ff5 

Uater 

.48858 

Missing 

14.8357 

GAS  CONPOSI T ION 

Dry  Ut.  Z 

Volune  X 

ZC 

7.H 

XO 

Hethane 

15.8525 

1.49755 

11.8894 

3.96313 

4 

CO 

2.63903 

.14245 

1.13149 

4 

1.54794 

Hydrogen 

6.13586 

4.19444 

4 

6.13586 

4 

C  0  2 

.29039 

9. 97559E-3 

.07919 

« 

.21124 

Acetylene 

15.9842 

.88399 

14.7554 

1.22918 

0 

Ethylene 

23.1848 

1.21404 

19.8717 

3.31311 

0 

Ethane 

.23075 

1  .  1 6264E-2 

.18464 

4.61509E-2 

0 

Propylene 

4 . 26540E-2 

1  . 49474E-3 

3.63587E-2 

6.09526E-3 

f 

Bencene 

9.70413 

.18844 

8.95788 

.74624 

f 

Paraffins 

5. 52922E-2 

1 .29629E-3 

4.73949E-2 

7.941 26E-3 

4 

Olefins 

1.08456 

3. 1 2942E-2 

.92615 

.15441 

4 

MCN 

.9954? 

5.57285E-2 

.44239 

3.48332E-2 

4 

Annonia 

1.77317E-2 

1.57454E-3 

4 

3. 1 2965E-3 

4 

COS 

- 1 .4 1 346E-3 

-2.55243E-5 

-2.426I2E-4 

4 

-2.74183E-4 

CS2 

-2.67721E-3 

-3.32442E-3 

-4.22732E-4 

4 

• 

S02 

-4.28374E-2 

-t .41 147E-3 

4 

4 

-2.14185E-2 

Uater 

.48838 

3.1 4986E-3 

4 

9.84194E-3 

.47874 

Other 

4 

88.7924 

4 

4 

4 

Iff 


Gas  Total 


75.2891 


58.32f8 


13.431? 


t .77629 


TABLE  A-63 


PEP  EMRULTS1S  SUMH4RT  REPORT  -  IJSrtRlJK  42 

0»s  Sca»s  =)  0  -  0  -  ?6  0:0 

KUN  CONDITIONS  Analysis  *>  11-23-85  9  j  44 

. .  Stored  *>  If  -  23  -  85  13  :  1  1 

4331  eg.  ASIS  COAL 
f  sec.  f  f  Anps 
I  s«c.  t  I  Anps 

Mff  Degrees  c.  8  f  torr  with  ALTUBE  grid 
75?  nn.  Final  Pressure  for  111.193  liters 


Butane  1400°C 

Iqjector  66  cm  Above  Extractor 

PfROCTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  44.1879 

Tar  .41769 

Gas  53.7937 

Uater  .88443 

Missing  1.31595 

GAS  COMPOS  I T  ION 


Dry  ut.  Z 

Vo  lime  7. 

IC 

7.  H 

to 

Methane 

6.68435 

.4488 » 

5. *1326 

1.47108 

( 

CO 

3.75834 

.20845 

1.61083 

* 

2.14752 

Hydrogen 

12.4676 

8.8498* 

f 

12.4676 

0 

C02 

.52475 

1 .85217E-2 

.1431* 

0 

.38165 

Acetylene 

19.3507 

1.11144 

1  ’.  8626 

1.48806 

0 

ithylene 

2.4760* 

.13733 

2.12218 

.35382 

0 

Ethane 

1  .  1  5549E-4 

5.98I67E-6 

9.24392E-5 

2.31098E-5 

* 

Propylene 

.18*3? 

6 . 67*31 £-3 

.15461 

2.57780E-2 

« 

Benzene 

8.05213 

.16*32 

7.43294 

.41921 

1 

Paraffins 

.132*6 

3.21475E-3 

.11319 

1.88727E-2 

* 

Olefin-; 

.14793 

3. *441  IE-3 

.14393 

2 . 39972E '  2 

( 

HC  N 

1.227*2 

.*7057 

.54528 

4.53V99E-2 

f 

Awnonia 

2 . 6761 2E-3 

2.44475E-4 

* 

4.72335E-4 

f 

COS 

-4.34347E-3 

-1 . 1 243»£-4 

-8.68733E-4 

« 

-1.I5845E-3 

CS2 

-I.75352E-2 

-3.58323E-4 

-2.76881E-3 

* 

• 

S02 

2 . 1  6233E-2 

3.2471  1  £ - 4 

* 

* 

1.08114E-2 

Uater 

.*8463 

3.»35*?E-3 

( 

?.4*241E-3 

.*7522 

Other 

( 

98.4553 

( 

« 

( 

Gas  Total: 

53.8783 

Iff 

35.1384 

14.7237 

2.614*6 

WTTV.V.V.V.. V .-' >-»  .->  .-  ir*jr*> ->->•>  -> ->  ->  -j«  -J-  -.•  -j-  - 


ft 


t 


w 


£ 

I 

fc 


¥ 

vy 


I 

£ 


TABLE  A- 6 A 

htrouijIS  suiMiuftr  Ktfoir  -  usaku*  ss 


KUN  CONDITIONS 


433#  ng.  NO  COAL 
I  sec.  8  f  A*ps 
I  see.  #1  Anps 

151#  Degrees  c.  8  #  torr  with  ALTUBE  grid 
764  an.  Final  Pressure  for  94.413*  liters 


Butane  1S00°C 

Injector  66  cm  Above  Extractor 

F  TROLTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  I 


Gas  Stans  ->  #  -  •  -  76 

Analysis  *>  9-25-85 
Stored  *>  15  -  26  -  79 


»  :  0 
21  :  II 
10  :  44 


L  har 
T  ar 
b  is 
Uater 
Missing 


5«.#742 
1 .12164 
46.0425 
.22(61 
1.74091 


G4S  COMPOSITION 


E 

Dry  Ut.  1 

Vo  lu  He  7. 

ZG 

XH 

ZO 

3 

Methane 

1 .50054 

.15355 

1.1254# 

.37513 

( 

sc- 

CO 

4 . 9(667 

.28692 

2.10299 

0 

2.80367 

r " 

Hydrogen 

14.1624 

1 1 . 9#70 

0 

14.5624 

0 

C02 

.93751 

3 . 48067E-2 

.25566 

0 

.08I8S 

£ 

Acetylene 

19.5165 

1.12799 

18.0157 

1.50082 

0 

Ethylene 

Ethane 

2.09790 

3.76071 E  -  5 

.12267 

2 . 05686E-6 

1.7981  1 
3.01497E-5 

.29979 

7.53.M2E-6 

0 

0 

Propylene 

.13258 

5. 1 6876E-3 

.11364 

1 .89467E-2 

0 

K 

Benzene 

3.11196 

.#6532 

2.87265 

.2393# 

• 

Paraffins 

3 . 1 5955E-2 

7 . 98429E-4 

2.7#8#5E-2 

4 .51 5##E-3 

• 

k“v 

Olefins 

4.42338E-2 

1 . 40052E-3 

3.79127E-2 

6. 321 #1 £-3 

0 

rV  ^ 

HCN 

1.47117 

.08921 

.65379 

5.44335E-2 

0 

L-/ 

Anwonia 

2.52434E-3 

2.431 27E-4 

( 

4. 45546E-4 

# 

[•/ 

cos 

-3.09384E-3 

-B.44269E-5 

-6.18768E-4 

( 

-8.25127E-4 

a 

CS2 

2.28469E-2 

4 . 922B7E-4 

3.60752E-3 

( 

# 

L*  •. 

SQ2 

2 . 54375E-2 

6.50773E-4 

( 

# 

1 .271B7E-2 

I 

Uater 

Other 

.22*61 

# 

1.38928E-2 

9#.75#2 

f 

f 

2.45K1E-2 

( 

.1961# 

( 

Gas  Total: 

47. #631 

If# 

27. (#6# 

17.(866 

3.69352 

A-66 


A  i  ftm  > Ai  i  A 


#  *i»  ktimimbkJ)*  **■  « 


■*.  •*. 

■  Mi  I  i 


TABLE  A- 6 5 


I  "  L'l  ••)[!>  SUIHAKT  kb PO IT  -  IJSARUN  74 

(jj-i  bcni-3  =)  11-0-76  0:0 

h  ON  I.'  >IDI  r I'.'I'S  Analysis  ->  11-22-85  7:8 

. -  Stored  =>  1  1  -  22  -  85  9:5; 

6331  n*.  ASIS  COAL 
I  sec.  8  8  Anps 
I  sec.  8  8  Anps 

1388  Decrees  c.  8  8  torr  eith  AL 1  USE  grid 
763  *«.  Final  Pressure  for  188.193  liters 


Butane  1300°C  with  H2 
Injector  6  cm  Above  Extractor 

rrPOLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


C  har  0 

Jar  .1095; 

lias  101.091 

Uater  1.02506 

Missing  -2.3064? 

GAS  COflPOSI  r  IQM 


Dry  0 1 .  r 

Velgme  2 

7.  C 

2H 

20 

npthane 

1.22951 

.12189 

.95963 

.31987 

8 

CO 

.  4  1  /  7  5 

2 . 2/4 1 8E-2 

.1/985 

8 

.23878 

N  y  *J  r  o  3  e  n 

3 . 5  8  8  a  8 

2.49895 

8 

3.58868 

8 

C  0  2 

3 . 1  83°  ’E - 4 

1 . I0296E-5 

8.68268E-5 

8 

2. 3I5/8E-4 

Acetylene 

.22388 

1.31203E-2 

.20659 

1.72:0  E -  2 

8 

Ethylene 

3.37914 

.  1  8  i  V- 

2.89626 

. 482B8 

8 

Ethane 

.84123 

1.499841-2 

. 2229u 

-0o824 

0 

►  r  ' '  y  I  e  n  o 

1  .578  38 

5.//064E-2 

1  .  34590 

.22459 

0 

Benrene 

.11898 

2.3251 3E-3 

.10983 

9. 15084E-3 

0 

Paraf  f  ms 

98.5/82 

2.20104 

77.6345 

12.9436 

8 

Olefins 

.24548 

7.994/5E-3 

.22747 

3.79268E-2 

8 

HCM 

8 . 97843E  -  3 

5.06853E-4 

3.99001E-3 

3.32282E-4 

8 

A"«on  i  a 

5.68756E-3 

5.02772E-4 

8 

9.89735E-4 

8 

cos 

-1.21887E-3 

-3.87481E-5 

-2.42814E-4 

8 

-3.22/24E-4 

CS2 

-5.77889E-2 

-1  .1 5898E -  3 

-9.I24B8E-3 

8 

8 

502 

.15698 

3.738/IE-3 

t 

8 

.87849 

Uater 

1.82586 

4.81 39/E-2 

8 

.11397 

.91188 

Other 

8 

98.9648 

8 

8 

f 

Gas  Total: 

182.116 

l«< 

83.8278 

1  7.7272 

1.22899 

TABLE  A- 66 


P1R0LTSIS  SUM  BAR  r  REPURT  -  IJSA  BUB  73 


lias  Scats  =) 

0-0-74 

4  :  0 

RUN  CONDITIONS 

Analysis  -> 

11  -  22  -  85 

7  :  1 

4331  ng.  AS  IS  COAL 
•  sec.  f  1  Anps 

I  sec.  0  0  Anps 

1341  Degrees  c.  4  4  torr  uith  ALTUBE  grid 

744  nn.  Final  Pressure  for  144.193  liters 

Stored  => 

11  -  22  -  85 

I  :  1 

Butane  1300°C  with  H2 

Injector  16  cm  Above  Extractor 

P'BOirSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  I 

i:  nar 

4 

'  jr 

.33945 

95.4849 

-  iter 

.  37439 

listing 

3.44545 

■15  lC-f.’SI  1  ION 

Dry  Wt.  Z 

'J  1 1  un  (  I 

TIC 

;n 

10 

**  e  t i  n  e 

3.9048.’ 

.85032 

4.74745 

2.24921 

4 

1.131  ’  1 

4.1  1547E-2 

.  48505 

4 

.44664 

**•.  :r;  jen 

4.33072 

3. 1 0964 

0 

; ,  •  _  vi  / 

0 

j  . 

4 .  • : _  1 

1 .O3302E-5 

1  .J9497E-4 

0 

3.45375E-4 

-  ’*..•?  •} 

■  .2: -a 

.07100 

1  .  1  2434 

.00344 

0 

►  f  '  °'ia 

•a.  j  '»i 

1  .00100 

15.7527 

2. S2438 

0 

t  *  r,  i "  o 

1 . 1 0  0  4  7 

.04499 

1  .  04518 

.2612? 

0 

Propylene 

6.67298 

. 24510 

5.71941 

.95356 

0 

benzene 

.98194 

1  .  90487E-2 

.90444 

.07551 

0 

Pdraf f i ns 

51.2432 

1  .  24349 

43.9204 

7.32246 

e 

Olefins 

1  .  37282 

4.13454E-2 

1.17445 

.19617 

0 

HC  H 

-J.1384QE-2 

-  2 . 87944E -3 

-2.28354E-2 

-1.90I23E-3 

0 

A*«om  a 

1 .2590IE-2 

1  .  1 2059E-3 

4 

2.222I5E-3 

4 

cos 

5.43488E-4 

1.42142E-5 

1  .12497E-4 

4 

1.54282E-4 

CS2 

-3 . 7888  IE-2 

-7.54322E-4 

-5.98254E-3 

4 

1 

S02 

5.34348E-2 

1 .24804E-3 

4 

4 

2.681 74E-2 

Water 

.  37039 

2. 1  5553E-2 

f 

4.11543E-2 

.32924 

Other 

1 

94.4157 

4 

f 

0 

Gas  Total: 

94.0552 

100 

74.8495 

18.2446 

1 .00321 

TABLE  A- 6 7 

I-'1R0L1S1!3  SUM  KART  It  PORT  -  IJSARUN 


RUN  CONDITIONS 


433D  d<i.  ,10  COAL 
I  ;ec.  ?  a  Anps 
a  sac.  3  a  Anpa 

liaa  Screes  c.  a  a  torr  with  AITUBE  jnd 
.’40  i«.  final  Pressure  for  100. 1 93  liters 


Butane  1300°C  with  H2 
Injector  26  cm  Above  Extractor 


72 

(3  sis  13  cans  => 
Analysts  -> 
Stored  -> 


0  -  0  -  76 
11  -  LI  -  Si 
II  -  21  -  83 


0  :  0 
14  : 

11  : 


12 

34 


” ?R0L1S I S  PRODUCT  DISTRIBUTION 
Dry  Ut.  I 


Char 
Tar 
bas 
Uater 
M iss ing 


.  1  3982 
.331  ,’5 
94.1134 
.97881 
2.43759 


OAS  C0NP0S1 FI  ON 


Dry  Ut.  I 

i/oHme  y. 

ZC 

ZH 

ZO 

Methane 

17.7547 

1 .68156 

13.3175 

4.43917 

0 

CO 

1 .89115 

.18366 

.81055 

0 

1 .08060 

.  Hydrojen 

6.03843 

4.27864 

0 

6.02843 

0 

C02 

1 . 67208E- 4 

5 . 83262E-6 

4.55977E-5 

0 

1 . 21 61 4 

-  Acetylene 

4.73417 

...  .00 

4.37196 

.36421 

a 

.  *  • , :  o  ,i  e 

58.418’ 

2.09200 

32.9218 

5.48889 

a 

1 

•  ‘  ^  a  4 

.07677 

1.20051 

.30012 

0 

P  Kropyiene 

6.44982 

.24585 

5.71670 

.95311 

0 

^  Penzene 

4 .90898 

.09659 

4.531 48 

.37750 

• 

^  Paraffins 

1 1.5971 

.28179 

9.93992 

1.65723 

0 

S  Olefins 

2.61295 

.07859 

2.23936 

.37339 

i 

1  HCN 

.19668 

1 .08351E-2 

.08470 

7.0525IE-3 

0 

1  A««onia 

* 

2.59046E-2 

2.33876E-3 

0 

4.57214E-3 

i 

,  cos 

2.38445E-3 

6 . 09952E-3 

4.76891E-4 

0 

4. 35934E-4 

1  CS2 

-6.34569E-4 

-1.321 78E-5 

-1.03347E-4 

0 

0 

^  SO  2 

-.88891 

- 1 . 94043E-3 

0 

0 

-4.04568E-2 

la  Uater 

.97881 

5.77336E-2 

0 

.  10865 

.86933 

»  U  t  h  e  r 

# 

96.0913 

1 

0 

i 

}  Gas  Total: 

1 

97.8914 

100 

75.1352 

20.1023 

1.91026 

A-69 


& 


v 

y 

a." 

I 

g 


V4 

V, 

V4 

■M 

1 

n 


V 
,s" 
.V 
r* 1 

a| 


v' \ 

oj 

Cl 


a 


;5 

:-3 


IS 


5 


TABLF  A-68 


PTROUGIS  SUIMAfcl  IEPQ0T 


IJSAItje  >| 


KUN  CONDI : IONS 


633*  ng.  NO  COAL 
0  sec.  t  f  Anps 
I  sec.  0  I  Anps 

1300  Decrees  c.  *  #  torr  uith  ALIUBE  arid 
772  «n.  Final  Pressure  for  1*2.12*  liters 


Butane  1 300°C  with  H2 
Injector  36  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  I 


Char 
I  ir 
Gas 
Water 
Missing 


.38544 
2.54974 
95.3388 
.51898 
1 . 2*495 


GAS  COMPOSITION 


Methane 

CO 

Hydrogen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 


Dry  Ut.  I 

22.7709 

2.24640 
7.12796 
.84049 
10.7898 
36.8657 
1.25348 
2.02527 
9.23380 
.57819 
1.60643 
.78211 
2.55935E-2 
1  .321  94E-3 
7.21644E-3 
-.09017 
.51898 
f 


Oas  Total:  95.8578 


G a*i  Scans  =*>  0-0-76  0:0 

Analysis  *>  11-12-85  9  :  5J 

Stored  *>  11-14-85  10  :  4] 


Vo  lu  ne  X 

:c 

XH 

ID 

1.98795 

17.0781 

5.69273 

0 

.11898 

.96281 

0 

1.28359 

4.96398 

0 

7.12796 

0 

2 . 83291 E-2 

.2292# 

0 

.61129 

.60800 

9.96014 

.82974 

0 

1.96994 

31.5976 

5.26811 

0 

4.1 9752E-2 

1.00295 

.25073 

0 

.07300 

1.73586 

.28941 

0 

.17556 

8.52372 

.71007 

0 

I.37953E-2 

.49557 

.08262 

0 

4 . 73963E -2 

1.37704 

.22958 

0 

4 . 29594E-2 

.34757 

2.89383E-2 

0 

2.23270E-3 

0 

4.51 726E-3 

0 

3.24747E-5 

2.64389E-4 

0 

3.52562E-4 

1 . 40822E-4 

1 . 1 3950E-3 

0 

9 

-2.08967E-3 

0 

0 

-4.50897E-2 

2.96B28E-2 

0 

5.76595E-2 

.46132 

0 

95.8058 

0 

0 

100 

73.3121 

20.5721 

2.31148 

TABLE  A-69 


PlRULTSlS  SUM11ART  BEPOHr  -  USAR1JH  4,» 


RUN  CONDITIONS 


4331  *3.  NO  COAL 
I  sec.  0  I  Anps 
I  sec.  0  0  Anps 

1300  Decrees  c.  9  0  torr  with  ALTUBE  ond 
740. 300  nn.  Final  Pressure  for  113.481  liters 


Butane  1300°C  with  H2 
Injector  46  cm  Above  Extractor 


PTPOCTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char 
T  ar 
Gas 
Uater 
Mtssinj 


4.4281  2 
1.42717 
91  .4811 
.35834 
1.98521 


GAS  CONPOS I T I  ON 


Dry  Ut.  t 


Nethane 

CO 

Hydrosen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Bencene 

Paraffins 

Olefins 

HCN 

-»nma 

COS 

CS2 

S02 

Uater 

Other 


22.4187 

2.22320 

9.30815 

, ;  oq  5 

14.0400 

28.7493 

.42518 

.30331 

10.7433 

0 

1.32385 
1.19450 
1.99080E-2 
1 .20440E-3 
I  15925E-2 
-5.45440E-2 
.33834 

8 


Gas  Total:  92.0394 


2 


■y^y- 


•yy^*.y-y.: 


Voluee  X 


2.74823E-3 
2. I0351E-4 
-t .  2 1 8 8 4 E - 3 
1 . 90048E-2 
91.3971 


lias  Scais  => 

0  - 

i*  -  16 

0  :  <t 

Analysis  -> 

1 1 

-6-85 

11  : 

A2 

Stored  *> 

11 

4-83 

12  : 

31 

1.74702 

16.8080 

5.60268 

0 

.10950 

.95290 

0 

1.27038 

5.81905 

0 

9.30015 

0 

1.441 20E-2 

.1253? 

0 

.33443 

.81300 

14.8250 

1.23501 

0 

1.3809? 

24.6582 

4.11114 

0 

I . 95452E-2 

.34015 

.08503 

0 

9.79553E-3 

.25997 

4.33440E-2 

0 

.1902? 

9.93563 

.82770 

0 

0 

0 

0 

0 

3.51042E-2 

1.13467 

.18917 

0 

6.101 05E-2 

.53083 

4.41966E-2 

0 

1 .41 496E-3 

0 

3.51 377E-3 

0 

2 . 4088 1 E-4 
1 . 83044E-3 

f 

0 

f 


•21213E-4 


3.981 22E-2 

0 


■82830E-2 

.31853 


69.5729 


21.4817 


■.'y/.v.v.vy 


"ABLE  A- 70 


PTKOLISIS  SUMMART  «tPO«T  -  USA0U0  71 


RUN  CONDITIONS 


4331  «g.  AS  I S  COAL 
I  sec.  8  •  Anps 
I  sec.  0  I  Anps 

1301  Degrees  c.  C  •  torr  vith  ALTUBE  grid 
771  nft .  Final  Pressure  for  Iff. 193  liters 


Butane  1300°C  with  H2 
Injector  56  cm  Above  Extractor 

PTROLYSIS  PRODUCT  DISTRIBUTION 


Gas  Scats  =  >  0-0-76 
Analysis  <>  II  -  18  -  85 
Stored  *>  11  -  19  -  8S 


0  :  0 
II  :  <0 

4  :  4-4 


Char 

Tar 

Gas 

Uater 

Missing 


Dry  Ut.  I 


7.34597 

2.50394 

81.2889 

.99387 

7.84729 


GAS  COttPOSIT ION 


Dry  Ut.  Z 

Volute  Z 

zi: 

ZH 

Hethane 

19.6334 

1.74701 

14.7251 

4.90837 

CO 

2.23777 

.12234 

.95911 

« 

Hydrogen 

9.33491 

6.62597 

0 

9 . . ; ;  : 

C  02 

4.69393E  ■  1 

2. J2893E-4 

1  .82543E-3 

0 

Acetylene 

19.2385 

1.10500 

17.7591 

1.47944 

Ethylene 

19.9952 

1.08900 

17.1379 

2.85732 

Ethane 

2.75I24E-4 

1.40390E-5 

2.20»99E-4 

5.50249E-5 

Propylene 

1.31034 

4.77600E-2 

1.123(9 

.18724 

Benzene 

8.67374 

.17*23 

8.0*673 

.66701 

Paraffins 

0 

f 

( 

( 

Olefins 

.85781 

2.58051E-2 

.73523 

.12238 

HCN 

1.32500 

.*7512 

.58883 

4.9025»E-2 

Annonia 

1 . 61 658E-2 

I.45572E-3 

( 

2.85327E-3 

COS 

-1 .10887E-3 

-2.82916E-5 

-2.21774E-4 

» 

CS2 

I.27716E-2 

2.57254E-4 

2.01445E-3 

* 

S02 

-2.94074E-2 

-7.*34*4E-4 

f 

« 

Uater 

.99387 

5.851 76E-2 

f 

.11*41 

Other 

f 

95.4*87 

f 

f 

is  Total: 

82.2827 

If* 

61.(39* 

19.7192 

1.27864 

0 

4 . 86849E-3 


-1.47B37E-2 

.88343 

f 

2.13198 


v'V'-.-V 


’av.V'.v;.-. 


1 


TABLE  A- 71 


PthOllSlS  SUMMER  1  REPURT 


USA  RUN  6 V 


RUN  CONDITIONS 


6330  ng.  ASIS  COAL 
I  sec.  t  0  Anps 
I  sec.  0  0  Anps 

1 300  Degrees  c.  I  I  torr  Kith  AITU8E  grid 
754  nn.  Final  Pressure  for  112.12#  liters 


Butane  1300°C  with  H2 
Injector  66  cm  Above  Extractor 

K  fROLTS IS  PRODUCI  DISTRIBUTION 


Gas  Scats  =>  1-0-76  0:0 

Analysis  ->  11-7-85  11:6 

Stored  *>  11-7-85  1 2  :  27 


Char 
T  3r 
Gas 
Uater 
Hissing 


Dry  ut.  I 


13.1437 
2  .  1  248# 
71.5441 
.55225 
1  i .4351 


GAS  COHPOS I  MON 


Dry  ut.  1 

Vo  tune  7. 

ZC 

XH 

::a 

Nethane 

14.2614 

1.36258 

10.6961 

3.56535 

0 

CO 

2.08241 

.11369 

.89252 

0 

1 .18989 

Hydrogen 

12.0458 

8.39005 

0 

12.0458 

0 

COO 

.17752 

6.16792E-3 

4.841 23E-2 

0 

.12911 

Acetylene 

21.7567 

1.22599 

20.0836 

1.67309 

0 

Ethylene 

10.8546 

.44737 

9.30352 

1.55113 

0 

Ethane 

3.04586E-2 

1 .55206E- 3 

2 . 4  3  6  6  E  -  2 

6.091  2E  -  3 

0 

Propylene 

. 7029 J 

2.55S5JE-2 

.60248 

.10045 

0 

Benzene 

9. 16823 

.1/968 

8.46319 

.70503 

0 

Paraffin; 

0 

# 

f 

0 

0 

Olefins 

.4644b 

I.27055E-2 

.39808 

.16637 

0 

H  H 

1  .38037 

.07863 

.61721 

5. 1 3884E-2 

0 

Annonia 

6 , 1 9976E-3 

5 . 57503E-4 

0 

I.09425E-3 

0 

COS 

-2.64799E-3 

-6.74A62E-5 

-5.29598E-4 

0 

-7.0621 9E-4 

CS2 

1.276#6E-2 

2 . 56673E-4 

2.0I490E-3 

0 

0 

S02 

-3.29775E-3 

-7.87495E-5 

0 

1 

-1.64887E-J 

Uater 

.55225 

3.247#3E-2 

0 

6.13553E-2 

.49089 

Other 

f 

97.1151 

0 

0 

• 

ias  Total: 

72. #963 

11# 

51.130V 

19.8271 

1.80735 

V.V’/V  V  V 


V  V  V  '.‘  V 


TABLE  A- 7 2 


PINOLTSlii  SUMMIT  *EPU«r 


-  IJSAWJK  80 


KUN  CONDI  I  IONS 


433*  ng.  NO  COAL 
I  sec.  0  I  Anps 
#  sec.  0  f  Anps 

13*1  Degrees  c.  8  8  torr  tilth  AL TUBE  grid 
759  it«.  Final  Pressure  for  188.194  liters 


Gas  Scais  =>  t »  -  0  -  76  1:0 

Analysis  *>  12-18-85  14:9 

Stored  =>  12  -  19  -  85  12  :  52 


Butane  1300°C  with  02 
Iryector  6  cm  Above  Extractor 

F'  TR0LYS1S  PRODUCT  DISIRIBU1I0N 

Dry  Ut.  1 


Char 
r  ar 
G  as 
Uater 
Hissing 


.52922 

114.045 

19.8324 

-37.2274 


CAS  COMPOSITION 


Dry  Ut.  1 


0  1  UM  (  1 


rteth:. 

t.i'Vf  i 

.4  203 

3.47195 

1.22398 

:  i 

14.2243 

.8194? 

6.95374 

8 

Hydrogen 

1.11848 

.79444 

8 

1.11848 

'.02 

28.1827 

.78748 

5.58384 

8 

■*c  ety  1  en? 

2.21895 

.11594 

1  .8634? 

.15525 

Ethylene 

15.1358 

.74548 

1  >  Q?*>9 

2  _  1  A  2  o  1 

t f.  h  a  n  e 

1  .  44287 

.84983 

1.17838 

. 2V25? 

Propylene 

4.579?’ 

.22134 

5.43952 

.94825 

Benzene 

1 .4487J 

3 . 24875E- 2 

1.52195 

. 1 26 78 

Paraffins 

45.9484 

1.11725 

39.3995 

6.54888 

Olefins 

1.42243 

4 . 87  483E  -2 

1  .39858 

.23184 

HCM 

-2.92378E-2 

-1 .47844E-3 

!  .  29979F  -  7 

-1 .88177E-3 

Anaon i  a 

9. 09, VIE- j 

8. 255 52E-4 

8 

I.48574E-3 

cos 

-9.75944E-3 

-2.58925E-4 

- 1 . 95 1 93E-3 

8 

CS2 

.15451 

3. 1 3424E-3 

2.43974E-2 

8 

SQ2 

4.87859E-2 

1.44323E-3 

8 

8 

Uater 

19.8324 

1 .17449 

8 

2.28338 

Other 

I 

94.9883 

8 

8 

Gas  Total:  134.498 


81.1975 


15.1248 


9.27158 

8 

14.478° 

» 

I 

8 

t 

I 

8 

8 

t 

* 

-2 . 6I298E- 3 

f 

3.83529E-2 

17.4298 

« 

41.4143' 


A-  74 


»  .  '  .'“j.  '  r  *J>  V  ’.'•"j.v  V  V  V  ->  ■>  ■>  ' 


/.v.v.v.v.v.v. 


TABLE  A- 7 3 


I •  (KOL  ISIS  sumiAKl  StPum 


UiAKU»  /v 


h  UN  CONDITIONS 


*330  ng.  NO  COAL 
I  SfC.  0  f  Anps 
I  sec.  0  0  Anps 

1300  Degrees  c.  0  0  tore  mth  A  L  TUBE  grid 
759  an.  Final  Pressure  for  102.130  liters 


13*5  Scans  =>  0-0-76  0:0 

Analysis  =.>  0-0-26  0:0 

Stored  =>  12-19-85  9  :  32 


Butane  1300°C  with  02 
Injector  16  cm  Above  Extractor 

F  FROL rs I S  PRODUCT  DISTRIBUTION 

Dry  Ut.  Z 


C  har 
I  ar 
G  as 
U  ater 
n  is  s  l  ng 


.51924 
.34255 
1  23.572 
26.7432 
-51 .1832 


GAS  COMPOSITION 


Methane 

CO 

Hydrogen 

to: 

A :  ?  t  y !  e  ii  e 

.  '  '  [  J  'a 

£  thane 
Propylene 
B  e  ii :  e  n  e 
Paraffins 
Olefins 
H  N 

Annon  i  a 

COS 

CS2 

S02 

Water 

Other 


Dry  ut.  I 

9.91569 
21.3320 
I  .,'2195 
22.4251 
5.55450 
29.  ’440 
I  .67  316 
8.57503 
5.97508 
14.2622 
2.33649 
.31031 
2.58074E-2 
-8.26856E-3 
.24981 
-4.20  344E  -  2 
26.7432 
0 


Gas  Total:  T50.3I5 


Volume  I 

in 

IU 

.93798 

7.43677 

2.47892 

d 

1 .15607 

9.16647 

0 

12.2205 

1 .19894 

0 

1  .72195 

0 

.771 39 

6.11532 

16.  109,' 

.3135 

5  .12736 

.42714 

0 

1.47562 

25.4936 

4.25042 

0 

.  08441 

1  .  33853 

.31463 

0 

.28326 

7.34966 

1.22537 

0 

.11594 

5.51560 

.45948 

0 

.33992 

12.2241 

2.03807 

0 

.06903 

2.00260 

.33388 

0 

1 .7395IE-2 

.13790 

1.14815E-2 

0 

2 . 30479b.  -  3 

0 

4.5691 3E-3 

0 

-2 . 00579b  -  4 

-I.65371E-3 

0 

-2.20522E-3 

4.9751 4E-3 

3.94465E-2 

0 

0 

-9.940.1TE-4 

0 

0 

-2.10172E-2 

1.55679 

0 

2.97116 

23.7720 

92.7729 

1 

0 

0 

100 

81.9458 

16.2571 

52.2791 

»» y>» 


TABLE  A- 74 


iimjl  is  lb  5'Jfin«r(!  ftfijK, 


K UN  IGND I T IONS 

6330  i<9.  NO  COAL 
i  sec.  0  I  Anps 
•  sec.  0  I  Anps 

H0(  Oejrees  c.  8  I  torr  with  ALTU0E  9nd 
759  n».  final  Pressure  for  102.1 20  liters 


Butane  1300°C  with  02 
Iryector  26  cm  Above  Extractor 

P  TROLYSIS  PRODUCT  DISTRIBUTION 


USA  till  7« 


U)<s  beats  => 
Analysis  *> 
Stored  */ 


I  -  0  -  76 

12-18-85 

12-19-85 


:  a 

15:5k) 

8  :  43 


Dry  Ut.  I 


L  liar 
I  ir 
o  is 

Ulster 
n issi 09 


2.08214 
1  .05055 
116.525 
21.41  ’8 
-41.1263 


u  AS  CONPQSI I  ION 


Dry  u t .  i 

Yolune  7. 

Z'. 

7.  H 

:-.o 

nethane 

14.6033 

1.38142 

10.9525 

3.65084 

0 

•;  j 

26.8, 83 

1.45292 

1 1.5202 

0 

15.3585 

H  v  -1  r  0  4  e  n 

3.23538 

2.25296 

0 

3.23538 

0 

CO. 

i 9. 3 188 

.46522 

5.. 3370 

0 

14.0651 

■i  C  a  \  t  i  p  n  e 

:  .5583 

.62500 

10.3622 

. 89655 

0 

t m  v  l  e  n  e 

2  ’. 1 911 

1 .45296 

23.3055 

3.88561 

0 

t. 1 6  a  n  e 

.66120 

3.33838E-2 

.52936 

.13234 

0 

Propylene 

2.06422 

.0681 1 

1.76971 

.29505 

0 

Benzene 

8.25202 

.16982 

8.07899 

.67303 

0 

Paraffins 

.13064 

3. I0935E-3 

.11197 

1 .86695E-2 

0 

L)  lef  i  ns 

2.06161 

6 . 08695E -  2 

1 .76700 

.29460 

1 

HCN 

.93823 

5.25942E-2 

.41694 

3. 471 45E-2 

0 

Annani a 

2.5561 6  E - 2 

2.27529E-3 

0 

4.51 163E-3 

0 

COS 

-1.06823E-2 

-2.69468E-4 

-2.1 3647E-3 

f 

-2.84898E 

CS2 

.25898 

5. 15769E-3 

4.08939E-2 

0 

0 

S02 

-5.201 69E-2 

-1.23014E-3 

0 

0 

-2 . 60084E 

Uater 

21.4128 

1.2467? 

0 

2.37952 

19.0383 

Other 

0 

92.4502 

0 

0 

0 

Gas  Total: 

132.993 

100 

74.5269 

15.5008 

48.4331 

■»  A.’*  >  .5  .v  /cIn.VmN  Vs  .V.%  .NVh^V  .-.Lv-  v‘  VO.-,- 


TABLE  A- 7 5 


P  wot.  ISIS  •iUMOAO'f  REPORT  -  IJSrtRUR  74 

Gj-5  Scaas  =>  V>  -  0  -  76 

KIJN  CONDITIONS  Analysis  »>  12  -  17  -  BS 

.  Stored  *>  12  -  17  -  05 

4330  «g.  NO  COAL 
I  sec.  0  0  Anp s 
I  sec.  0  0  Anps 

1300  Degrees  c.  ?  0  torr  with  ALTUBE  grid 
760  an.  Final  Pressure  for  102.120  liters 


Butane  1300°C  with  02 
Injector  36  cm  Above  Extractor 

PTROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


IJ  har 
f  ar 

t  7  9  5 

U  J  t  ?  r 
Missing 


4.28436 
1  .94312 
113.454 
23.0056 
-42.6872 


0 AS  COrtPOSl T ION 


Dry  Ut.  1 

Volume 

tc 

*:h 

itethane 

15.032® 

1.41539 

1 1 .2746 

3.75B23 

CO 

30.0537 

1 .659®8 

13.2239 

0 

Hydrogen 

5.751®’ 

4.00605 

0 

5.75197 

C02 

10.6168 

.63739 

5.07682 

0 

Acetylene 

li.042: 

.85894 

14.0710 

1 . 1  ’220 

Ethylene 

t  \ '  4 :  i 

.91599 

14.4925 

2  .  4494  1 

£  t  h  j  n  e 

3.®9734E-3 

2 . 00728E -  4 

3 .  1  9789E- 3 

7.99473E 

Propylene 

1  .  40327 

5.03327E-2 

1.20275 

.20052 

Benzt  i>e 

8.46740 

.16353 

7.81626 

.651  1  4 

Paraffins 

0 

0 

0 

0 

Olefins 

.93838 

2.76973E-2 

.80429 

. 13409 

HCN 

1 . J  389 1 

.06912 

.55057 

4.58397E 

Anrton l  a 

1  .74265E-2 

1 .54425E-3 

0 

3.0757BE 

cos 

-  1  .  52375E-2 

-3 . 82577E-4 

-3.04750E-3 

0 

CS2 

.23277 

4.61409E-3 

J.67558E-2 

0 

S02 

-1 .80108E-2 

-4.23945E-4 

0 

0 

Water 

23.0056 

1.33295 

0 

2.55592 

Other 

0 

93.1234 

0 

0 

Gas  Total: 

1 36.459 

100 

68.7498 

16.7234 

0  :  0 
16  : 
16  :  ; 


■'.0 

7.o2»8 

3.5400 


. 06385E-3 

.00542E-J 

0.4496 

1.6065 


A-77 


TABLE  A- 7 6 


PfROlTSIS  SUtffllHt  REPORT 

RIJN  CONDI J IONS 


6331  ng.  AS  IS  COAL 
I  sec.  8  I  Anps 
I  sec.  8  (  Anps 

1388  Degrees  c.  8  8  torr  mth  AL TUBE  grid 
767  ««.  Final  Pressure  for  182.128  liters 


Butane  1300°C  with  02 
Injector  46  cm  Above  Extractor 

P1R0LTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Char  12.2794 

I 3r  2.39336 

bis  184.643 

Uiter  14.7788 

Missing  -34.8884 

GAS  COMPOS  l  T I  ON 


Dry  Ut.  Z 

Volume  y. 

:« 

:;h 

•'.11 

rtethane 

11.1812 

1.83257 

8.38592 

2.79530 

0 

CO 

33. 3370 

1 .75V25 

14.2886 

0 

19.0492 

Hydro  gen 

7.48183 

5.21512 

0 

7.48143 

0 

co: 

10.8489 

.43297 

5.14010 

0 

13.7088 

A  c  e  t  y  i »  n  9 

19.2418 

1.07301 

17.5748 

I .44425 

0 

Ethylene 

58R23 

.33294 

5. 40764 

.90158 

0 

l t  rt a  n  e 

4.B8955E-4 

3 . 39328E-5 

5.51 1 64E-4 

1 .3.V91E-4 

0 

Propylene 

.54384 

1 .91327E-2 

.46613 

.07771 

0 

Benzene 

7.21681 

.13669 

6.46109 

.55491 

0 

Paraffins 

.10236 

2.43807E-3 

.08774 

1 . 4 A286E-2 

* 

Olefins 

.58562 

1.72099E-2 

.50193 

.08368 

0 

HCN 

1.48479 

.09228 

.74872 

4. 23375E-2 

0 

Annonia 

4 . 75848E-3 

5.867  44E-4 

8 

1.191 49E-3 

f 

cos 

-1 . 86 1 88E-2 

-4.5851 2E-4 

-3.72376E-3 

0 

-4.94564E-3 

CS2 

.18869 

3 . 46060E-3 

2.97952E-2 

0 

f 

S02 

1.54947E-2 

3 . 57728E-4 

0 

0 

7.74735E-3 

Water 

14.7788 

.83938 

0 

1.64095 

13.1291 

Other 

8 

94.6580 

8 

0 

0 

Gas  Total: 

119.415 

100 

59.291 3 

15.0785 

45.8899 

ItSAHU*  SI 

lias  Scais  =>  1-0-76  0:0 

Analysis  =>  12-19-85  1 1  :  52 

Stored  *>  12  -  19  -  85  13  :  21 


TABLE  A- 7 7 


f  P  P'l'UL  r'oI‘:  SUmUKI  RtRijRT 

usrtww  v 

»jj‘i  ‘5CTin‘i  -) 

0  -  0  -  /6 

1 6  :  v> 

K  UN  CONDITIONS 

Analysis  =/ 

i2  -  18  - 

12:18 

4330  *j.  ASIS  COAL 

1  sec .  t  0  flaps 

1  sec.  0  0  flaps 

1  300  Decrees  c.  ?  0  torr  with  ALTU8E  ^riO 
?57  aa.  Final  Pressure  Tor  102.100  liters 

Stored  =.* 

12  -  18  -  85 

13  :  38 

Butane  1300°C  with  02 
Injector  56  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Lltar  00., ’8  6. 7 

I  ir  1.68404 

i-ii  97.0480 

Uater  20.3248 

MlSStn-j  -39.8957 

His  LONPOSltiON 


0  • ,  Ut. .  > 

VoI'IM?  7. 

1C 

7.0 

VMI1? 

8 . 3  3  6  6  J 

.25145 

4.42248 

2 .  1  j  9  1  6 

0 

J 

13 . • 890 

1 .01278 

14.4820 

0 

19.3070 

n  ,  iro  jen 

8.96480 

6.04S14 

0 

8.94:82 

0 

o : 

18. »40; 

.44465 

5.14514 

0 

13.2.  56 

Acetylene 

It .  4^9 

. 38439 

14.3104 

1.2104’ 

0 

L*  v,  .M? 

:.  •  '343 

.15968 

2 .  *  1 1  1  4 

.  40534 

0 

c  tfi  *4 lie 

3.  '  l‘  c03E  -  4 

3. 0590  1£ -3 

4.48  05c -4 

1.001 8IE -4 

1# 

I ropylene 

.  :€j*m 

n. I5454E-J 

.21942 

1.6 58348*2 

4 

Be  icene 

2.55415 

.14548 

6.92324 

.58091 

0 

Paraffins 

0 

f 

0 

0 

0 

Olefins 

.23004 

4.85601E-3 

.  198°0 

3. JI627E-2 

0 

M'.H 

1  4 

5. 02055E-2 

.46890 

3.90405E-2 

0 

A**on 1  a 

5.1 448IE-3 

A . 5462 1 E -4 

1 

9.08059E-4 

0 

cos 

-1.85014E-2 

-4.63216E-4 

-3.70029E-3 

0 

-4.934J4E 

CS2 

.24238 

4.29482E-J 

3.83039E-2 

0 

* 

502 

2 . 8 1 96 2E  2 

6.61820E-4 

f 

f 

1 . 40981  £ 

Water 

20.3268 

1.12442 

0 

2.25831 

18.0685 

Other 

t 

94.4932 

1 

0 

1 

0  a  s  1  o  t  a  I : 

117.424 

100 

31.101? 

15.7108 

51.1604 

A-  79 


H  "  ■> 


TABLE  A- 7 8 


PTR0LTS1S  SUfirtAKf  REPURT 


RUN  CONDITIONS 


433#  itg.  ASIS  COAL 
I  SAC .  0  (  AflpS 
I  sac.  0  0  Anps 

13##  Degrees  c.  0  0  torr  yith  ALTUBE  grid 
758  «ft.  Final  Pressure  for  185.974  liters 


liSAIUR  75 

lias  Scats  =>  •  -  (  -  76  0  :0 

Analysis  =7  12-14-85  1 4  :  55 

Stored  *>  12-14-85  16  :  1 4 


Butane  1300°C  with  02 
Injector  66  cm  Above  Extractor 

PTROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


C  har  27.6255 
Tar  1.33491 
bas  97.1447 
Uater  19.723# 
Hissing  -45.8483 

tits  compos i  r ion 


Dry  Ut.  1 

Volute  X 

zc 

xh 

7.0 

N  e h  a  n  e 

8.87791 

.81034 

6.65843 

2.21947 

0 

CO 

39.3271 

2.05121 

16.8556 

0 

22.4715 

Hydrogen 

10.4423 

7.01846 

0 

10.4423 

0 

CO  2 

15  .-5087 

.51807 

4.25651 

0 

1  1  .  3522 

Acetylene 

13.8704 

.75329 

12.8038 

1 .06663 

0 

Ethylene 

2.0  ••’46 

.10845 

1.78231 

.29715 

0 

E  t  r,  -a  n  e 

1  .  44476E-2 

7.03320E-4 

1 . 1 5581 E -2 

2.38953E-  3 

0 

P  'opylene 

7 . 29030E  - 1 

.17070 

2.99606E-2 

0 

benzene 

4.71582 

.12574 

6.19937 

.51644 

0 

Paraffins 

0 

0 

0 

0 

0 

Olefins 

1  .83254E-2 

5.21899E-4 

1 .57067E-2 

2 . 6 1 870E-3 

0 

HCN 

1  .0631  4 

5.75040E-2 

.47246 

3.93363E-2 

0 

A««on  i  a 

1  .01819E-2 

8.74702E-4 

) 

1 .79712E-3 

0 

cos 

-1 .88226E-2 

-4.5B147E-4 

-3.76453E-3 

0 

-5.02000E-3 

CS2 

.19992 

3.B4177E-J 

3 . 1 56  83  E - 2 

0 

1 

S02 

2 . 26343E-2 

5 . 1 6538E-4 

f 

0 

1.13181E-2 

Uater 

19.723# 

1.11784 

» 

2.19123 

17.5318 

Other 

« 

94.8586 

( 

0 

1 

Gas  Total: 

116.887 

If# 

49.2633 

16.8098 

51.3619 

TABLE  A- 7 9 


KiKQLi'iilj  illnnrlKf  StPURI  USiiMJ*  lli 

bas  a c: i n i  ->  0  I  -  2o  kJ  :  k> 

K'JN  ‘.jNliriQdS  Analysis  8-13-86  9  :  58 

. . -  Store)  «-  8-13-86  II  :  25 

14  48  m.  OX  I  RAP  COAL 
I  sec.  8  8  A«ds 
I  sec .  8  8  Anos 

Ii88  Oeirees  c.  8  I  torr  with  AL TUBE  And 
262  in.  Final  Pressure  for  88.6338  liters 


Acetylene  1300°C  "cleaned" 
Injector  6  cm  Above  Extractor 

IIPOLTSIS  PRODUCT  DISTRIBUTION 


Ory  Ut.  I 


'  Aar  3 . 42222E  -  2 

I ar  J. 63194 

ij  as  88.1235 

Water  2.83483 

nissinA  6.1  2588 

1 1 as  cuapusi r ion 


/  wt.  : 

VoIha*?  I 

■:c 

;;o 

n  e  t  A  a  n  e 

.  1  3  '85 

3.43841E-3 

.  1  2  2  1 9 

3.42o44E-2 

8 

L  J 

.  *l»!  £  t 

1 .48382E-; 

.42846 

£ 

.5o255 

i o 

.24146 

2 

l.2.9!o 

2 

■-  J  - 

3 . 5 233 1  E  ■  3 

..5534 

0 

.60122 

-4C  e /  i  e  e 

84.5416 

1  .263  ’! 

28.8424 

6.52125 

£ 

t  a  >  ? 

.2.4  48 

1 . 3o421 E  3 

.  t  i  7  7 

1  .  06  :  22E  ■  2 

i 

L  ♦.  r,  j  r, ® 

2  o  •  8  5  E  -  4 

1 . 1 5 1  '2E  6 

1  . 3  8  0  8  4  E  - 1 

4.  '.212E-5 

2 

‘  MKljiij 

£ 

8 

£ 

2 

2 

tf e  ncene 

.4  '  4  d  T 

3.841  UE-4 

. 06926 

5.25334E-3 

2 

Paraffins 

4 

8 

2 

f 

2 

U  L  t  f  i  n  ? 

£ 

8 

1 

2 

2 

HI* 

2 

1 

8 

2 

2 

Anno n  i  a 

-  2 . 2  1  8  6  6  E  *  4 

-I.8I826E-5 

8 

I.36234E-4 

2 

COS 

■4 . 58222E- 3 

-3.86284E-3 

-9. I2555E-4 

8 

-1 .22356E-3 

CS2 

.86811 

3.58898E-4 

1 .82346E-2 

8 

8 

S02 

.12231 

7.96642E-4 

8 

8 

.86365 

Uatar 

2.83483 

3.1341 4E-2 

8 

.22687 

1 .88826 

OtAer 

8 

98.9282 

f 

f 

1 

Gas  Total: 

91.2883 

188 

70.9618 

8.88285 

3.11277 

A- 3 1 


A  A  -  M  uV  fcAJOUlAAAl  -  "  -  •a  -  *  i.  g  mV   *  -*  J*m.  -  M  »  n  A  m  w  m  w  m  |  *2V  m\  mV  M  n  J%. 


TABLE  A-80 


hikolisis  suniwiif  repost 


R UN  CONDITIONS 


1474  «<|.  COTRAP  COAL 
•  sec.  P  *  Aaps 
I  sec.  P  *  Anps 

UP*  Peqrees  c.  P  *  torr  Kith  ALTUB6  qr»4 
M3  n«.  Final  Pressure  for  88.633*  liters 


Acetylene  1300°C  "cleaned" 
Ii\jector  16  cm  Above  Extractor 

I  fROL  rs IS  PROOUCT  DISTRIBUTION 


USKlHJ*  112 

Gas  Sen  ns  =>  0-0-76  1 3:0 

Analysis  =.*  7-18-84  10  :  7 

Stored  =>7-18-84  II  :  34 


Dry  ut.  Z 


i.  har 
l  ar 
Las 

U  iter 
rlissinq 

b  AS  COMP  OS  I T I  ON 


I  .26187 
3  .  8*542 
V  6 . 2 1 23 
1  .  66414 
-2.14382 


nethane 

CO 

H  y  •}  r  o  i  e  n 
C  02 

A  c  e  t  v  I  s  t  e 
i  t  h .  1  e  n  e 
1  *  r  j  n  e 
Propylene 
Benzene 
Paraffins 
Olefins 
HCN 

Aenonia 

LOS 

CS2 

S02 

Uater 

Other 


Dry  ut.  Z 
.191  i  / 

:.23esp 
i  .3::'* 

2 . 85  4  s  I 
8 '.31  il 
..3  3-0 
3  . ;  8  4  3  *  E  -  2 
3.61  Jt-2 
I  .  253*8 
* 


1  .  3871  3E-4 
6.43745E-3 
.*8796 
.17777 
1 .66414 
f 


Gas  Total:  97.8763 


Voluee  Z 

u: 

IK 

SO 

4.853886-3 

.14337 

4.779286-2 

* 

3.  1  979*6  -2 

.93955 

B 

1.27925 

. 36939 

« 

1.8521* 

* 

2.638326-2 

.77845 

* 

>.*7616 

1 . 3399’ 

8*.59Y* 

6.7144* 

8 

i .  -  S  7  :>  ’  t  3 

.:i7o2 

3.o28j56-2 

* 

7.298646  4 

4.3*7446-2 

1 .  *  7  o  8  o  6  -  2 

« 

3.3*2836-4 

3.1**756-. 

5.U9726  -3 

* 

6.422*16-3 

1 .15857 

.*965! 

« 

« 

( 

* 

* 

« 

* 

• 

* 

« 

1 

« 

* 

3.796636-6 

1 

2.8*1296-5 

f 

-4.3631*6-5 

-1.287496-3 

* 

-1.716866-3 

4.7*6716-4 

1  .388936-2 

( 

f 

4.941836-4 

f 

* 

3.8887*6-2 

2.6*2866-2 

* 

.18488 

1.47925 

92.6311 

f 

f 

1 

III 

83.9432 

8.94795 

4.87184 

".  •»  A  ,•>  .v  A.’t  ,y  .A  ,>.>  - 


TABLE  A-81 


FlltOLTSlS  SUM BARI  REPORT  -  USARUB  10? 

Gas  Scans  -;>  0-1-76  0:0 

KUH  CONDITIONS  Analysis  *>  4  -  23  -  86  32  :  6 

. .  Stored  *>  6  -  23  -  86  32  :  2' 

1424  m.  CfrRflP  COAL 
I  sec.  8  0  Anps 
I  sec.  8  8  Anps 

1300  Decrees  c.  8  0  torr  uith  ALIUBE  arid 
252  in.  Final  Pressure  for  88.6330  liters 


Acetylene  1300°C  "cleaned" 
Injector  26  cm  Above  Extractor 

KTROLfSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  4.5lla3 

I ar  3.94165 

'■as  89.431  5 

Uater  .59554 

nissini  1.51962 

Ij  AS  CONPOSI I  ION 


Dry  Ut.  { 

VO  I1  IB!!  X 

K. 

in 

xa 

fi  e  t  n  a  n  e 

.  115  33 

2.65952E-3 

.08649 

2.88331E-2 

0 

CO 

4.?;?14 

.02101 

2.13422 

0 

2.84537 

H  y  -5  r :  i  e  n 

.25305 

.15026 

0 

.75305 

0 

C02 

.44*?,’ 

3.98936E-3 

.12025 

0 

.32072 

A  c  e  t  v  l  e  n  e 

4.3554 

1.14095 

68.6325 

5.71793 

0 

t  ".  ,■  1  e  e 

)  . 

2.942I2E-2 

1.20553 

.28435 

0 

Ethane 

u.4"iB  '£  -  4 

1 . JI053E-5 

2.5?’50E-4 

1 .89937E-4 

0 

F  .*  o  v  t  i  e  »i  e 

.  -4/)4i 

2.43026E-3 

.21136 

3.5239BE-2 

0 

8  e  n  c  e  n  e 

2.81546 

1 .43612E-2 

2.59895 

.21650 

0 

Paraffins 

.32945 

1 .62349E-3 

.28237 

4.70789E-2 

0 

Olefins 

3.35532 

1 .65368E-2 

2.8758? 

. 47948 

0 

HCN 

0 

f 

0 

0 

0 

Annan i  a 

1  .  28  40 1  E - 2 

3.I2689E-4 

0 

2 . 26629E-3 

0 

cos 

-3.0231  IE-3 

-2.08590E-5 

-6.04623E-4 

0 

-8.04265E-4 

CS2 

1 .24948E-2 

9.43988E-3 

Z.7943ZE-3 

0 

0 

S02 

-4.29123E-3 

-3.09952E-3 

I 

0 

-2.39586E-3 

Uater 

.59556 

V.48292E-3 

f 

.06616 

.5283? 

Other 

• 

??.4730 

1 

0 

0 

Gas  Total: 

90.0221 

100 

78.6556 

7.63111 

3.69228 

TABLE  A- 82 


pwoLniiii  :;gti/WKi  iefurt  -  usarj*  in 

Gk  Sc.aas  =*>  0  -  I  -  76  0:0 

KUN  CONO 1 1  IONS  Analysis  *>6-25  -  84  31  :  33 

.  Stored  *>  8  -  M  -  86  7  :  If 

144!  nq.  COTRAP  COAL 
I  sec.  t  I  Anns 
i  sec.  9  I  Anps 

1388  Oeqrees  c.  8  I  torr  uith  ALTUBE  qrid 
757  «n.  Pinal  Pressure  for  89.596*  liters 


{Acetylene  1300°C  "cleaned" 

!  Injector  36  cm  Above  Extractor 

('  1RQLTS IS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


C  har 

1 1 .*548 

I  ar 

3.79597 

b  as 

85.6491 

u  ater 

1.72*75 

M  issinq 

-2.22*48 

U AS  C0HP0SIT10N 

Dry  Ut.  I 

Volume  X 

a: 

7.H 

7.0 

nethane 

.19767 

4.89739E-3 

.14825 

4.941 85E-2 

* 

CO 

6.44774 

.*9128 

2.7635* 

« 

3.68424 

Hvdroqen 

6.1*087 

1 . 17833 

* 

6.1*637 

* 

C02 

.607*2 

5.9445IE-3 

.18735 

* 

.49967 

Acetylene 

67.5919 

1.8*396 

62.3941 

5.19782 

4 

Ethvlene 

.26254 

3.71oV9E-3 

.325*2 

3.751  77E -2 

4 

Ethane 

5 . 5o74 5E-2 

7.35440E-4 

4.45396E-2 

1 . 11 i 4VE-2 

* 

Propylene 

3.74077E-2 

3 . 53859E-4 

3.28622E-2 

5.34557E-3 

* 

Beneene 

4.53157 

2.2457* 

4.183*9 

.34847 

8 

Paraffins 

« 

« 

f 

f 

§ 

Olefins 

« 

* 

* 

f 

f 

HCN 

• 

« 

* 

8 

« 

Annonia 

1 .641 I2E-4 

3 .82672E-6 

f 

2.89658E-5 

8 

COS 

-6.45441E-3 

-4.39769E-5 

-1.33128E-3 

8 

-I.77526E-3 

CS2 

.*9*95 

4.74482E-4 

1.43617E-2 

8 

8 

S02 

.*8*41 

4.981IIE-4 

f 

8 

4.82897E-2 

Hater 

1 .72*75 

2.62349E-2 

8 

.19117 

1.52957 

8 

Other 

* 

92.5928 

8 

8 

Oas  Total: 

87.3698 

It* 

69.9989 

11.9477 

5.75192 

TABLE  A- 8 3 


PfRUl'fSIS  SUeriARI  REPURI 

kUN  CONDITIONS 


138V. 2*  «q.  COTRAP  COAL 
I  sec.  t  0  Arps 
0  sec.  e  0  Arps 

Ufi9  Decrees  c.  9  9  torr  uith  ALTU6E  And 
75 7  rr.  Final  Pressure  for  84.7969  liters 


Acetylene  1 300°C  "cleaned" 
Injector  46  cm  Above  Extractor 

FTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Lhar  34.5279 
I  ar  4.43429 
b  as  58.7858 
Water  5.41653 
russuM  -3.1436V 

bis  conposition 


Dry  Ut.  I 

'Jo  It  i  «e  X 

it: 

::h 

10 

Rethane 

.22097 

5.44976E-3 

.16595 

5.501886-2 

9 

LU 

,’.41913 

.10498 

3.17V84 

9 

4.23929 

hydro  ten 

1  .80679 

.34874 

9 

1.80679 

9 

Cl)  2 

.  «S06V 

4.00244E-3 

.12563 

0 

.33506 

Acet /lene 

44.4140 

.65453 

49.VV86 

3.41544 

0 

L  t  h  y  i  e  n  e 

.  39432 

5.579V0E-3 

.33797 

5.43496E-2 

0 

EtNane 

1  .8461  5E -4 

2.4382IE-6 

1 .474V2E-4 

3.O9230E-5 

0 

f r opy lene 

5.439I5E-2 

5.I2257E-4 

4.654I8E-2 

7.759s8E-3 

0 

Benzene 

4.96798 

2.007V2E-2 

3.75432 

.31275 

0 

Paraffins 

9 

9 

9 

0 

0 

Olefins 

-1 .2V258 

-6 .0V684E-3 

-1.19787 

-.18471 

0 

HCH 

0 

9 

9 

0 

0 

Annonia 

9 

9 

9 

0 

9 

cos 

-4.36478E-3 

-4 . 202V8E-5 

-1 .272V5E-3 

9 

-I.69748E-3 

CS2 

.13436 

7.99462E-4 

2. 1 21 53E-2 

9 

9 

S02 

5.74325E-2 

3.547V0E-4 

9 

9 

2.8B162E-2 

Water 

5.41653 

.98254 

9 

.49177 

4.81476 

Other 

9 

VV.2975 

9 

9 

9 

Gas  Total: 

64.2924 

199 

47.5292 

6.97122 

9.41423 

use  RIJN  1 18 

Gao  Seals  9-9-76  0:0 

Analysis  ->  9-1-76  0:0 

Stored  6-23-86  1 4  :  14 


A 

v' 

» 


V 

5.' 


» 

r 


A-85 


r, 

/• 


TABLE  A- 84 


PfRULTlSlii  SUrthAKT  RE  PORT 

RUN  CONDITIONS 


1496  nq.  COIRflP  COAL 
I  sec.  S  9  Axes 
I  sec.  9  9  Anps 

130#  Decrees  c.  8  I  torr  with  AL TUBE  And 
748  ««.  Final  Pressure  for  86.716#  liter* 


Acetylene  1300°C  "cleaned" 
Injector  56  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  34.9598 

tar  3.94144 

(Jas  49.9993 

Uater  3.71954 

tt  issinq  8.28877 

U»S  COflPOS I T  ION 


Dry  Ut.  I 

Voluee  7. 

ZC 

7.B 

■/.  0 

Methane 

.24389 

6.56929E-3 

.18292 

6.89742E-2 

9 

CO 

6.59717 

. 19991 

2.78897 

9 

3.71819 

Hydra  aen 

7.91371 

1.45187 

9 

7.91871 

9 

C02 

.42739 

4 .91 9o9E- 3 

.11666 

9 

.31114 

Acetylene 

33.2887 

.52941 

39.7288 

2.55999 

9 

Ethylene 

.26592 

4.97344E-3 

.22715 

3. 7871  BE- 2 

9 

tthane 

1 .73648E-2 

2.49197E-4 

1 .339I8E-2 

J . 4728/E- 3 

9 

Propylene 

.98599 

8 . 89272E-4 

.97363 

1 .2276  IE-2 

9 

Benzene 

1 .9/869 

1 .87165 

1.82645 

.15215 

9 

Paraffins 

9 

# 

9 

9 

9 

Olefins 

-.73732 

-3.77757E-3 

-.63195 

-.19536 

9 

HCN 

9 

# 

9 

9 

9 

Annonia 

1 .932I6E-3 

4.89112E-5 

9 

3. 4 1 998E-4 

9 

cos 

-4.57351E-3 

-3. 28I46E-5 

-9.14793E-4 

9 

-1.21975E-3 

CS2 

.99831 

5.567I9E-4 

1.55237E-2 

9 

9 

S02 

4.I1541E-2 

2. 7II14E-4 

9 

9 

2.99779E-2 

Uater 

3.71954 

6. 1 5676E-2 

9 

.41324 

3.39629 

Other 

1 

99.2759 

9 

9 

9 

Gas  Total: 

53.7998 

11* 

35.3412 

19.1535 

7.35449 

-  USA  Run  III 

(3 as  Scans  =;•  0  -  9  -  76  19  :  0 

Analysis  6-25-86  *8  :  10 

Stored  =>  6-25-86  8  :  51 


■- ■-  -. 


TABLE  A-85 


PTKOLriilS  SUmWRT  REPORT 


RUN  CONDITIONS 


IJSiRRUN  U37 

Gas  Scass  =;>  0-1-76  0  :  0 

Analysis  =>  A  -  2*  -  86  f  :  47 

Stored  *>  6-21-86  1 1  :  IV 


146V  «q.  COTRAP  COAL 
I  sec.  8  I  Aaps 
0  sec.  8  I  Anps 

1388  Decrees  c.  8  8  torr  with  ALIU8E  Arid 
1 57  nn.  cinal  Pressure  far  86.7868  liters 


Acetylene  1300°C  "cleaned" 
Injector  66  cm  Above  Extractor 

P  (ROLTSIS  PRODUCT  DISTRIBUTION 


L  har 
I  ir 
C  is 
U  iter 
M issinq 


Dry  Ut.  Z 


36.8789 
2.79101 
47.8423 
4  .  1  4871 
9.93873 


L. AS  COrfOSl T ION 


Dry  ut.  1 

Vo  li  i  ne  X 

11. 

XH 

XO 

netnane 

.17969 

4 . 68970E -3 

.13477 

4.49234E-2 

0 

CO 

6.74133 

.18053 

2.88942 

0 

3.852H 

Hy  Jroien 

2.44J9J 

.46499 

0 

2.44383 

0 

COT 

.40289 

4 . 0026  4E  -  3 

.12623 

0 

.33666 

Acetylene 

32.9475 

.49884 

30.41 39 

2.53366 

0 

Ethylene 

. 30658 

4 . 572 1 6E -  3 

.262/7 

4.38I06E-2 

0 

£  t  r»  ft  n  ? 

4 .20  i 2d t - 4 

5.83059E-6 

3.36262E-4 

8.40657E-5 

0 

Propylene 

.  1 6645 

1 .63494E-3 

.14266 

2.37865E-2 

0 

Benzene 

3.61470 

1 .75693E-2 

3.33673 

.27797 

0 

Paraffins 

0 

0 

0 

0 

0 

Olefins 

-.76425 

-3.799I7E-3 

-.65503 

-.10921 

0 

HCN 

1.77213 

2.74072E-2 

.78753 

.06556 

0 

Artiom  a 

3 . 20052E- J 

1 . 2774 1 E- 4 

0 

9. 1 7893E-4 

0 

COS 

-5.73233E-1 

-3.98945E-5 

-1.I4647E-3 

0 

-I.3288IE-3 

CS2 

.11218 

6. 16370E-4 

I.77133E-2 

0 

0 

S02 

3.36283E-2 

2.194I2E-4 

0 

0 

1 .681 42E-2 

Water 

4.14871 

.06663 

0 

.46092 

3.68779 

Other 

99.4992 

0 

0 

• 

is  Total: 

51.1912 

100 

37.4559 

5.78628 

7.89185 

8 


n*f, 


TABU'  A- 86 


PTROL  IS  IS  StNiAAftT  REPUR  T 

RUN  CONDITIONS 


245#  ng.  ASIS  COAL 
f  tec.  0  0  Anps 
#  tec.  #  #  Anpt 

1511  Decrees  c.  0  I  torr  «ith  ALTUBE  grid 
754  «n.  Final  Pretture  for  94.4132  Uteri 


Acetylene  1500°C  (contaminated] 
Injector  16  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  X 


Char  19.2775 
Tar  3.35IB2 
Get  51  .3004 
Hater  9.23985 
Hitting  14.831# 

GAS  COHPOSITION 


Dry  Ut.  I 

Voiu/ie  I 

ZC 

IH 

ID 

flethane 

.42725 

1 .70441E-2 

.32143 

.10681 

« 

CO 

8.71544 

.19847 

3.73544 

0 

4.9800# 

Hydrogen 

« 

0 

I 

0 

0 

C02 

4.32894 

.#4279 

1.18051 

* 

3.14844 

Acetylene 

25.5438 

.42708 

23.5795 

1.96432 

0 

Ethylene 

.72446 

1 .65449E-2 

.62202 

.10384 

0 

Ethane 

7.56#72E-4 

I.60862E-5 

6.04858E-4 

1 .5I214E-4 

1 

Propy  1  ene 

.09638 

1  .  4447  1E-3 

.08261 

1 .37728E-2 

0 

Benzene 

7.14*68 

5.84329E-2 

6.59157 

.  5491  1 

0 

Paraf  f ins 

0 

« 

1 

0 

0 

Olefint 

-.80318 

-4. 1 #3#5E-3 

-.3234# 

.11477 

0 

HCN 

4.91811 

.11426 

2.18561 

.18197 

0 

A««on  i  a 

-1 .87458E-4 

-7.B3829E-4 

» 

-  3 . 3084  3E-5 

0 

cos 

-8. 5081 7E-3 

-9 . 05! #2E-5 

-1 . 7#1 63E-3 

0 

-2.26913E-3 

CS2 

.13384 

1 .12429E-3 

2. 1 1 3 8 IE  - 2 

0 

0 

S02 

. 08041 

8 . #1 958E-4 

1 

1 

4 . 02058E-2 

Water 

9.23985 

.22683 

# 

1.12654 

8.21330 

Other 

I 

98.6791 

» 

1 

1 

Cat  Totali 

4#  .54*3 

II# 

37.6311 

3.83172 

16.3794 

use  BUR  4 

Gas  Scans  =)  f  -  0  -  74  0  :  I 

Analytn  =>  7-1-85  1 4  :  10 

Stored  »>  7-1-85  14  :  II 


TABLE  A- 8 7 


PTR0US1S  SUMMART  REPORT 


run  conditions 


2431  *9.  ASIS  COAL 
I  sec.  >  •  Anps 
I  sec .  0  I  Anps 

151#  Decrees  c.  t  #  torr  eith  ALTU8E  grid 
754  nn.  Final  Pressure  for  112.12#  liters 


Acetylene  1 500°C  (contaminated) 
Injector  26  cm  Above  Extractor 

FTROLYSIS  PRODUCT  DISTRIBUTION 


Gw  Scan  =•>  0-  1  -  76  0  :0 

Analysis  »>  4  -  25  -  85  14  s  1 

Stored  *>  7-8-85  11  s  2 


Char 
T  ar 
Gas 
Uater 
Missing 


Dry  Ut.  I 


45. #324 

( 

13.7537 

14.7445 

24.449# 


GAS  COMPOS  I T ION 


Gas  Total:  28.5183 


Dry  Ut.  I 

Uolune  Z 

XC 

XH 

ZO 

flethane 

.24364 

8 . 95658E-3 

.18274 

6 . #91 57E -2 

« 

CO 

4.30142 

.09034 

1.84358 

( 

2.45703 

Hydrogen 

0 

# 

0 

« 

( 

C02 

1.20584 

1 .61 182E-2 

.  1200  3 

.8 ’  '02 

Acetylene 

6.y’  ’itf 

.  j  *  0  4 

4.16382 

.51348 

0 

.  •? 

. ' .70s 

2.52241E-3 

.10292 

1 .71606E-2 

« 

Ethane 

1 .’7729E-2 

3.87635E-4 

1.58I03E-2 

3.95459E-3 

( 

Propylene 

.0851# 

1.1917#E-3 

.#7294 

1 .21412E-2 

( 

Benzene 

7 . 48245E-3 

5.64186E-5 

6 . 90705E-3 

5.7540#E-4 

( 

Paraffins 

0 

0 

» 

# 

« 

Olefins 

-.31993 

-2 . 2  4 • 1 7E -3 

-.27423 

-4.57213E-2 

« 

HCN 

1.1129? 

2. 42438E-2 

.49461 

4.11 8#7E-2 

( 

Annom  a 

3.25135E-J 

1  .81682E-4 

f 

9.269##E-4 

« 

cos 

-3.1 898#E-3 

-3. 1 2669E-5 

-6.37961E-4 

« 

-0.5#721E-4 

CS2 

.274*5 

2 . 1 3623E-3 

4.35888E-2 

( 

( 

S02 

2. 1 933#E-2 

2 . #1 334E-4 

# 

# 

1 .(9663E-2 

Uater 

14.7645 

.33397 

f 

1.64(33 

13.1241 

Other 

t 

99.3712 

« 

» 

( 

8 . 98#92 


,  /.  >*.  .-  -*  -*  .  r  r,  --  »*.  V «*.  r.  r. .  »*,  >r ,  -.  '1,,\ **  '  .  k  . r  ■' 


-r. 


TABLE  A- 88 


ptroltsis  sunn art  ieport 


RUN  CONDITIONS 


735#  ag.  ASIS  COAL 
>  sec.  *  9  Anps 
t  sec.  8  #  flaps 

1588  Decrees  c.  8  8  torr  with  ALTUBE  grid 
748  an.  Final  Pressure  for  95.3771  liters 


lias  'Jeans  0  -  •  -  76  0  :0 

Analysis  =>  4-21-85  15  :  24 

Stored  =>7-8-85  11  :  3 


Acetylene  1500°C  (contaminated) 
Injector  36  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  Z 


Char 
T  ar 
lias 
Uater 
Missing 

UAS  COMPOSITION 


58.3442 

« 

15.2732 

.72461 

25.4559 


Dry  Ut.  Z 

Volume  I 

7.C 

ZH 

ZU 

Methane 

.26658 

3.25899E-2 

.19994 

.#6664 

« 

CO 

4.65418 

.32512 

1.99478 

# 

2.65939 

Hydrogen 

8 

« 

0 

t 

( 

C02 

1 .13884 

5.027#4E-2 

. 30838 

0 

.82246 

Acetylene 

5.20519 

.39158 

4.80491 

.40027 

( 

Ethylene 

.64583 

4.51156E-2 

.55354 

.09228 

( 

Ethane 

1 .57391E-4 

1 .82618E-5 

1 .25913E-4 

3. 1 4783E-5 

« 

Propylene 

.10449 

4.8754IE-3 

.08973 

1 . 496#5E-2 

( 

Benzene 

1.447## 

3 . 6286IE-2 

1.33573 

.11127 

f 

Paraffins 

( 

# 

0 

« 

1 

Olefins 

.35288 

8.21699E-3 

.3*245 

5.04268E-2 

( 

HCN 

1 .43*4# 

.10362 

.43567 

5.29250E-2 

( 

Aaaoni a 

1  .  16378E-3 

1.33902E-4 

( 

2.#54#8E-4 

( 

COS 

-2.91 396E-3 

-9.49938E-5 

-5.82792E-4 

« 

-7.77153E 

CS2 

1 -77235E-2 

4.56143E-4 

2.79855E-3 

f 

» 

S02 

1 .94S57E-2 

5.946#9E-4 

I 

f 

9.72789E 

Uater 

.7264# 

5.4662IE-2 

* 

.(8172 

.44587 

Other 

• 

98.9465 

f 

# 

* 

as  Total: 

15.9998 

Iff 

11.2274 

.86976 

4.13668 

.  -  .  -  .  .*  ./  y*  %' 


v*  v"  O  O  v*  v'  O  */  v 


-yyssssji  ±±±±±222. 


TABLE  A- 89 


PTROLTSIS  SUMMART  REPOST  -  USARUl  5 


Gas  Scans  => 

0 

-  1  - 

76 

0  :  0 

RUN  CONDITIONS 

Analysis  »> 

4 

-  31 

-  85 

M  :  8 

2451  ng.  ASIS  COAL 
*  sec.  0  (  A  ftps 
(  SIC.  0  f  Anps 

1511  Degrees  t.  !  1  torr  with  A L T U B £  grid 

758  ha.  final  Pressure  for  82.4844  liters 

Stored  »> 

7 

-  8  - 

85 

11  :  3 

Acetylene  1600°C  (contaminated) 

Injector  46  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  1 

Char 

53.1102 

Tar 

« 

Gas 

18.4119 

Ualer 

8.59(45 

Missing 

19.6852 

'.AS  COMPOSITION 

Dry  Ut.  I 

Volume  I 

7.C 

ZH 

10 

Methane 

.25561 

1.84866E-2 

.19171 

.  0  6  3  9  ( 

( 

CO 

CD 

CD 

rv 

O 

.22829 

4.17378 

( 

5.56439 

Hydrogen 

( 

( 

0 

( 

( 

C02 

1.98114 

2 . 9558 1 E -2 

.54031 

0 

1 .44103 

Acetylene 

5.69526 

.  1  4373 

5.25729 

.43796 

0 

£  *  k<  y l  •?  n  e 

. 1 2425 

2.91285E-3 

.10649 

1 .77557E-2 

0 

Ethane 

1 .57598E-2 

1.44826E-4 

1 .26078E-2 

3.15196E-3 

0 

Propylene 

.18057 

1.571 80E-3 

.08620 

1.43717E-2 

( 

Benzene 

1 .50754E-2 

1 . 26868E- 4 

1.391 63E-2 

1 . 1 5932E-3 

( 

Paraf f i ns 

I 

( 

( 

0 

( 

Olefins 

-.37199 

-2.9(691 E-3 

-.31883 

-5.31585E-2 

( 

HCN 

.85942 

2.08937E-2 

.38192 

3.17988E-2 

( 

Annonia 

-2.11 952E-3 

-8. 1 8387E-5 

( 

-3.74095E-4 

( 

COS 

-7.83319E-J 

-8.56954E-5 

-1.56643E-3 

( 

-2.0891  IE-3 

CS2 

.19483 

1 .48272E-3 

3.87636E-2 

1 

1 

S02 

1 .55515E-2 

1  .5958IE-4 

1 

f 

7.77578E-3 

llater 

8.59(65 

.21688 

( 

.95442 

7.63623 

Other 

( 

99.3443 

f 

f 

0 

Gas  Total: 

27.2(45 

l(( 

K.  4744 

1.47(99 

14.6473 

W.V.WV.. 


^  .V 


TABLE  A- 90 


PTRULY*.JIS  SUIWART  REPORT  -  USARU*  3 


RUN  CONDITIONS 


2451  119.  ASIS  COAL 
I  sec.  8  f  Anps 
1  sec.  t  <  Anps 

13«»  Decrees  c.  g  «  torr  with  ALTUBE  grid 
257  nn,  Final  Pressure  for  1*4. #47  liters 


Aoetylene  l600aC  (contaminated) 
Injector  56  cm  Above  Extractor 

FYROITSIS  PRODUCT  DISTRIBUTION 


Char 
T  ar 
Gas 
Uater 
Missinj 


Dry  Ut.  Z 


68. 1 861 

« 

15.39*8 

9.58341 

6.91961 


GAS  COMPOS  I T  X  ON 


Methane 

CO 

Hydrojen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonia 

COS 

CS2 

S02 

Uater 

Other 


Dry  Ut.  Z 

.15567 

4.23*72 

« 

.92683 
7.31377 
.11195 
.12972 
2.72235E-2 
1 .92222E-2 
* 

-.36918 
2.66*84 
-1 .*9435E-3 
-6.M467E-3 
.17343 
1.77117E-2 
9.58341 
• 


Gas  Total:  24.9742 


5.62794E-3 

.*8739 

I 

1 .21848E-2 
.1627* 
2.31277E-3 
2.5*l2*E-3 
3.74917E-4 
1.42544E-4 
I 

-2.34215E-3 
5.7*#27E-2 
-3.73I3IE-3 
-5.78867E-5 
I.31998E-3 
1 .418 74E-4 
.21321 
99.4377 


Gas  Scans  =>  0-1-76  0:0 

Analysis  »>  4  -  23  -  85  7:9 

Stored  *>  7-8-85  11:6 


.11675 

1.81328 

f 

.25274 

6.75134 

.19595 

.1*378 

2.33332E-2 

1.7744IE-2 

f 

-.31442 

1.18247 

f 

-1.2M93E-3 

2.73856E-2 

I 

I 

I 


3.891 96E-2 

( 

( 

« 

.54242 
1 . 59986E-2 
2.59453E-2 
3.89023E-3 
1.47818E-3 
f 

-5.27542E-2 

.*9845 

-1.935»7E-4 

( 

I 

« 

I .(6471 

« 

1.75888 


.6*1 44E-3 

. 85586E-3 
.51869 


11.6174 


r.P.r  .",7 .A  "VP.  .A  7  7. 


vv, 


TABLE  A- 91 


P1RULTSIS  SUMMARY  REPORT 


USARUN  2 


RUN  CONDITIONS 


235*  *9.  A5IS  COAL 
i  sec.  8  I  Arps 
I  sec.  8  •  Anps 

131#  Decrees  c,  I  I  torr  eith  ALTUBE  grid 
239  n».  final  Pressure  for  115.974  liters 


Acetylene  1600°C  (contaminated) 
Injector  66  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 

Dry  Ut.  Z 


Gas  Scans  =7  9-  1  -  76  9  :0 

Analysis  »>  6-21-83  1A  :  59 

Stored  *>  2-8-83  IT  :  8 


Char 
T  ar 
Gas 
Uater 
Missinj 


76.7319 

8 

8.551  M 
3.13329 
1  1  .5835 


gas  conpasiriON 


Dry  Ut.  I 

Volune  Z 

XC 

ZH 

ZO 

Nethane 

.16134 

1 .73I73E-2 

.12181 

4.83359E-2 

8 

CO 

2.89438 

.17741 

1.24853 

1 

1.65385 

Hydrogen 

8 

* 

1 

8 

8 

C02 

.29525 

1.151 72E  -  2 

.88851 

8 

.21474 

Acetylene 

3.  <>8918 

.25885 

3.68856 

.38861 

8 

Ethylene 

.  18732 

1 .88388E-2 

.26348 

4.39I66E-2 

8 

Ethane 

1 .98844E-2 

5.76938E-4 

8. 86757E- 3 

2.I1689E-3 

8 

Propy 1 ene 

3 . 65898E -2 

1 .49519E-3 

3. 1  3684E-2 

5.22857E-3 

8 

Ben-ene 

8.99924E-3 

1.98819E-4 

8.3I719E-3 

6.92841E-4 

8 

Paraffins 

1 

f 

I 

8 

8 

Olefin* 

. 1 7888 

3.63861E-3 

.15263 

2.54478E-2 

8 

HCN 

.68291 

4.341 f IE-2 

.31348 

2.52673E-2 

I 

Annonia 

3 , 2571  IE-4 

3.28836E-S 

I 

5.74879E-5 

8 

COS 

-3 . 11 326E-3 

-8.62523E-3 

-6.83I32E-4 

I 

-8.I417IE-4 

CS2 

A.I778IE-2 

t . 37235E-3 

9.59686E-3 

f 

8 

502 

8.9I2I4E-J 

2 . 38738E- 4 

I 

• 

4.45182E-3 

Uater 

3.13329 

.21683 

I 

.34811 

2.78518 

Other 

f 

99.2571 

1 

1 

9 

>s  Total: 

1 1.6844 

Ilf 

5.82687 

.79140 

4.65742 

-** 4»  W  ».  A  m  1  «A*k  ai Va  »«V- a>V  »****  am'y.  rn.  5.  J&, -  ^  *  ».  ’  h  ~  *  »***  ^  Jfc  *  n***  f,**'  f  v  ,*  ^  **Jt**JR  L-% 


1 ^  s'.v.v.v.v'.v^  •.'■■v.v.'.w.v.v/.vj’.v.v.  v.y.yjy*y^'jr<v‘.m<t 


TABLE  A- 9 2 


PTROLTSIS  SUMAART  *£PQ*T 


U5A8UI  24 


RUN  CONDITIONS 


2335  ng.  ASIS  COAL 
I  see.  I  f  Anps 
•  sec.  *  I  Anps 

Mil  Degrees  c.  *  I  torr  mth  ALTUBE  grid 
758  ««.  Pinal  Pressure  for  1*5.974  liters 


Acetylene  1100°C  (contaminated) 
Injector  6  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 

Ory  Ut.  I 


Char 
T  ar 
Gas 
Water 
Missing 


.98*72 
9* . 3954 
2.45247 
4.1713* 


GAS  CONPOSITION 


Nethane 

CO 

Hydrogen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annonta 

COS 

CS2 

S02 

Water 

Other 


Dry  Ut.  I 

.19475 

.14549 

( 

.1824* 
89.7214 
4.8741 2E-2 
7.48272E-4 
1 .8BB64E-2 
.*7445 
f 
« 

( 

( 

* 

f 

* 

2.45247 


Gas  Totali  92.847? 


Volume  2 

4.55745E-3 

2.8»318E-3 

« 

2.2333*E-3 
1.7(184 
9.38I58E-4 
t .3794*6-5 
2.41222E-4 
5.277*4E-4 
* 

-2.151 72E-2 
-.1*145 
T.44837E-5 
-3.*3448E-5 
2.131 82E-4 
1.994ME-3 
5.181 47E-2 
94. *177 

1*« 


Gas  Scaas  =>  0-0-74 
Analysis  *>  8  -  2*  -  85 
Stored  =>  8-23-85 


«  :  0 
17  :  3 
23  :  44 


XC 

.144*4 

.24454E-2 

•97422E-2 

82.822* 

. I 7932E-2 
.14418E-4 
.41 19BE-2 
.*7*74 


83.2*95 


XH 

4.84895E-2 

( 

f 

» 

4.89V5? 
4.94798E-3 
1.53454E-4 
2.48744E-3 
5.8951  IE-3 
( 

* 

f 

f 

* 

« 

f 

.27244 

» 

7.23445 


10 

.*8325 

.13244 


te*«« 


2.39591 


A-94 


cl 


* 

<  • 


Ivlv.vlv; 


.V 

-  •  .  •  .  ‘  e  */  V  V  /  r'.  «»*  r  •*  r  wr.  f  .'T,  r  <  *  .  r  *r  «T,  w*  1 r,  I 


TABLE  A-93 


PTR0LTS1S  SUMhART  BEPOBT  -  USARUI  23 

Gas  Scats  =  >  | 

RUN  CONDITIONS  Analysis  •>  8 

-  Stored  s>  g 

21  88  ng.  ASIS  COAL 
I  sec.  8  I  Anps 
I  sec.  8  I  Anps 

1188  Degrees  c.  *  8  torr  uith  ALTUBt  grid 
758  nn.  final  Pressure  for  1 §5.974  liters 


Acetylene  1100°C  (contaminated) 
Iryector  16  cm  Above  Extractor 

P  TR0LT5 IS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  I 

Tar  1  .64761 

lias  94.2398 

Uater  .95146 

Missing  1.16191 

GAS  CONPOS I TI ON 


Methane 

Dry  Ut.  I 

.12413 

Volume  1 

3. 75598E- 3 

XC 

.89382 

IH 

3.18892E-2 

10 

8 

CO 

.69592 

1.28419E-2 

.29827 

8 

.39745 

Hydrogen 

.68895 

.15197 

8 

.48895 

8 

COO 

1.51126 

1 .644I8E-2 

.41212 

8 

1.89914 

Acetylene 

98.8895 

1.55145 

83.8262 

6.98325 

8 

Ethyl ene 

.89535 

1  .45885E-3 

.88173 

1 .36269E-2 

8 

£thane 

6.31976E-4 

1 .82863E-5 

5.I5588E-4 

1 .26395E-4 

8 

Propylene 

.86482 

7.38614E-4 

5.48792E-2 

9.14973E-3 

8 

Benzene 

2.23889 

1  . 38322E- 2 

2.84598 

.17218 

8 

Paraffins 

8 

8 

8 

8 

8 

Olefins 

* 

-1 .28742E-2 

8 

8 

8 

HCN 

f 

-.89528 

8 

8 

8 

Annonia 

8 

3.98I25E-5 

8 

8 

8 

COS 

f 

-4.1 8588E-5 

8 

8 

8 

CS2 

8 

2.27183E-4 

8 

8 

8 

S02 

8 

I.75I27E-3 

8 

8 

8 

Uater 

.95144 

I.77381E-2 

8 

.18578 

.84575 

Other 

8 

97.4214 

8 

8 

8 

Gas  Total: 

97.1984 

188 

84.8328 

7.99593 

2.34255 

-  a  -  76  0  :0 

-21-85  12  : 

-23-85  21  : 


I 

1 


1 

a 


TABLE  A-94 

PYROLYSIS  SUM1ART  IE  POUT  -  USAIUI  18 

lias  Scans  =>  1-1-76  9:9 

RUN  CONDITIONS  Analysis  >>8-13-83  I  : 

- . -  Stored  *>  8  -  23  -  85  21  : 

2188  ns.  ASIS  COAL 
I  sec.  8  8  Anps 
I  sec.  8  8  Anps 

1188  Degrees  c.  8  8  torr  Kith  ALTUBE  grid 
757  nn.  Final  Pressure  for  189.827  liters 


Acetylene  1100°C  (contaminated) 
Injector  26  cm  Above  Extractor 

PYROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Char  .13333 

Tar  A. 11984 

Gas  1 83.388 

Uater  8 

Missing  -7.43333 

GAS  COMPOS  I T ION 


Dry  Ut.  Z 

t/ol  une  Z 

XC 

ZH 

ZD 

Methane 

.48478 

1.20024E-2 

.30359 

.10119 

0 

CO 

4.81715 

.06806 

1.72175 

0 

2.29540 

Hydrogen 

.85238 

.18295 

0 

.85238 

0 

C02 

4.34644 

.06864 

1.73613 

0 

4.63032 

Acetylene 

74.2388 

1.22457 

68.5291 

5.70890 

0 

E  thy  1  ene 

.92502 

1 .56732E-2 

.79283 

.13218 

0 

Ethane 

.07835 

1.11 253E-3 

5. 6281  1 E-2 

1 .40702E-2 

0 

Propylene 

.38151 

4.30950E-3 

.32699 

5.45187E-2 

0 

Benzene 

15.3285 

.09324 

14.1498 

1.17876 

0 

Paraffins 

0 

0 

0 

0 

0 

Olefins 

.75660 

4.27318E-3 

.64848 

.1081 1 

0 

HCN 

0 

.09359 

0 

0 

0 

Aftftonia 

0 

5.95409E-3 

0 

0 

0 

COS 

0 

-4.86159E-5 

0 

0 

0 

CS2 

0 

2.00194E-3 

0 

0 

0 

S02 

9.14483E-4 

0 

0 

0 

Uater 

0 

.43437 

0 

0 

0 

Other 

0 

93.3218 

0 

0 

0 

Gas  Total: 

103.380 

100 

88.2650 

8.13014 

4.92372 

!7^'^r,>VV'.V'.7.’  WWT^.7VTSm*WV WWni-A'.VA’.v.VA  .%  /v  ^ 


TABLE  A- 9 5 


P1RULYSIS  SUMMARY  REPORT 


USARU0  22 


RUN  CONDITIONS 


21 II  ng.  NO  COAL 
0  sec.  0  I  Anps 
0  sec.  0  0  Anps 

lt»l  Degrees  c.  *  f  torr  mth  ALTU8E  grid 
258  nn.  Final  Pressure  for  105.974  liters 


Acetylene  1100°C  (contaminated) 
Injector  36  cm  Above  Extractor 


Gas  Scats  =>  I  -  0  -  76  0  :0 

Analysis  *>8-20-85  10  :  A2 

Stored  *>8-23-85  23  :  <1 


PYROLYSIS  PRODUCT  DISTRI8UII0N 
Dry  Ut.  Z 


Char 
T  ar 
Ci  as 
Uater 
Missing 


.15714 
2.86066 
100. Ill 
3.46106 
-6.59523 


GAS  COMPOSITION 


Methane 

CO 

Hydrogen 

C02 

Acetylene 

Ethylene 

Ethane 

Propylene 

Benzene 

Paraffins 

Olefins 

HCN 

Annoma 

COS 

CS2 

S02 

Uater 

Other 


Dry  Ut.  Z 

.52718 

4.96605 

1.04285 

6.09535 

65.7619 

.68150 

2.75752E-4 

.27065 

20.1761 

0 

.55154 

0 

I 

I 

I 

I 

3.46106 

0 


Gas  'otal:  103.571 


Volume  X 

ZC 

ZH 

10 

1.601 75E-2 

.39538 

.13179 

0 

.08621 

2.12845 

0 

2.83760 

.23205 

0 

1.04265 

0 

.06734 

1.66220 

0 

4.43315 

1  .1226? 

60.7048 

5.05709 

1 

1 . 1 832 1  £  2 

.58411 

.09738 

0 

4 . 46838E-6 

2 . 20602E-4 

5. 51 505E-5 

0 

3.I3273E-3 

.23198 

3.86770E-2 

0 

.12572 

18.6246 

1.55154 

0 

0 

0 

1 

0 

3.I9193E-3 

.47273 

.07881 

1 

.10243 

1 

0 

| 

-8.82771E-5 

1 

1 

1 

-5.91 432E-5 

1 

0 

1 

3.96271E-5 

1 

1 

1 

6.99945E-4 

• 

1 

1 

.06471 

1 

.38452 

3.17654 

1 

98.8195 

1 

1 

111 

84.8045 

8.38275 

11.3472 

UW+P] 


TABLE  A- 9 6 


PYKOITSIS  SUNIART  IEPOIT  -  USA WJI  If 


Gas  Scans  =  > 

1  - 

1  -  76 

0  :  0 

RUN  CONDITIONS 

Analysis  «> 

8  - 

19  -  83 

3  :  21 

— 

Stored  *> 

8  - 

21  -  85 

13  :  6 

2111  ng.  ASIS  COAL 
I  sec.  8  I  Anps 
f  sec.  I  f  Anps 

lift  Oegrees  c.  I  I  torr  with  ALTU8E  grid 
736  nn.  Final  Pressure  for  113.974  liters 


Acetylene  1100°C  (contaminated) 
Injector  46  cm  Above  Extractor 

PTROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


Char  8.13333 

Tar  1.52857 

Gas  86 . 8895 

Uater  I 

Missing  3.62837 

GAS  COMPOSITION 


Dry  Ut.  Z 

Volume  2 

XC 

ZH 

10 

flethane 

.57028 

1.73728E-2 

.42771 

.14257 

8 

CO 

5.89814 

.18267 

2.52794 

8 

3.37819 

Hydrogen 

1.45714 

.29629 

8 

1.45714 

8 

C02 

5.26348 

3.83868E-2 

1.43535 

8 

3.82813 

Acetylene 

66.8476 

1.12831 

68.9683 

3.87986 

8 

Ethylene 

.98228 

I.78992E-2 

.84191 

.14836 

8 

Ethane 

5.43773E-4 

8.83477E-6 

4.35I18E-4 

1 .I8754E-4 

8 

Propylene 

.18261 

2. 1 I938E-3 

.15652 

2.68961E-2 

8 

Benzene 

6.27142 

3.57! 42E-2 

3.78915 

.48227 

8 

Paraffins 

1 

1 

8 

8 

8 

Olefins 

.14614 

8. 47454E-4 

.12317 

2.88783E-2 

8 

HCN 

1 

.89948 

8 

8 

8 

Annonia 

1 

-3.76121E-5 

8 

8 

8 

COS 

1 

-4.71614E-3 

8 

8 

8 

CS2 

• 

1 .61389E-3 

• 

8 

8 

S02 

• 

7.73638E-4 

8 

8 

8 

Uater 

8 

.18463 

8 

8 

8 

Other 

1 

98.5183 

8 

8 

8 

Gas  Total: 

86.8195 

188 

72.2727 

7.34849 

7.19832 

A-98 


TABLE  A- 9 7 


PTROUSIS  SUMHART  KEPOtT 

RUN  CONDITIONS 


2275  ng.  AS1S  COAL 
I  sec.  I  I  Anps 
f  sec.  ?  I  Anps 

U||  Decrees  c.  I  I  torr  with  ALTUBE  grid 
758  nn.  Final  Pressure  for  115. 418  liters 


Acetylene  1100°C  (contaminated) 
Injector  56  cm  Above  Extractor 

P  TROLYSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


Char  12.7*32 

Tir  2.A7472 

Uas  93.85*5 

Uater  ( 

Hissing  -9. *2857 

L.AS  CONPOSI  T  ION 


Ory  Ut.  I 

Volume  Z 

XC 

XH 

ZO 

Nethane 

.78741 

2.38377E-2 

.59*54 

.19685 

( 

CO 

5 . 33*25 

.*922* 

2.28454 

B 

3. *457* 

Hydrogen 

1.345*5 

.29683 

• 

1.345*5 

« 

C02 

4.95452 

5.45638E-2 

1.35144 

« 

3.6*488 

Acetylene 

43.6483 

1  .*8*47 

58.7537 

4.89455 

« 

t thy l  ene 

1.44*33 

2.491  6  3  E -  2 

1.2345* 

.2*582 

f 

Ethane 

2.97#32E-4 

4.79582E-6 

2.37426E-4 

5.94»65E-5 

« 

Propylene 

.1631* 

1 . 88 1 *7E-3 

.1398* 

2. 33(81 E-2 

« 

Beniene 

15.578* 

.*967* 

14.38** 

1.19794 

* 

Paraffins 

« 

« 

( 

* 

( 

Olefins 

.59417 

3.43773E-3 

.51*97 

.*8519 

« 

HCN 

« 

.*9219 

( 

« 

• 

Annonia 

» 

1.4317JE-4 

» 

• 

• 

cos 

« 

-5. I84I5E-5 

( 

• 

« 

CS2 

( 

1.43553E-3 

f 

• 

» 

S02 

1 

6.83473E-4 

f 

( 

* 

Water 

* 

.14715 

« 

( 

• 

Other 

1 

98.5547 

f 

* 

« 

Gas  Total: 

93.85*5 

1«f 

79.2441 

7.9488* 

4.45*58 

-  U SARU I  17 

Oh  Scats  =>  0-0-76  0:0 

Analysis  •>8-14-85  4:1 

Stored  •>  8  -  23  -  85  23  :  38 


i 


TABLE  A- 9 8 

PTROLTSIS  SWIIAIt  REPORT 

RUN  CONDITIONS 


2171  ng.  ASIS  COAL 
I  sec.  (I  Anps 
I  sec.  f  f  Anps 

Mil  Degrees  c.  I  I  torr  with  ALTU8E  grid 
738  An.  Final  Pressure  for  119.827  liters 


Acetylene  1100°C  (contaminated) 
Injector  66  cm  Above  Extractor 

PTROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


-  USA  RUN  20 

0»s  Scats  =>  0-0-24  1:0 

Analysis  *>8-19-83  12  :  34 

Stored  *>8-23-83  23  :  Id 


Char  12.9124 

Tar  3.91785 

lias  88.3917 

Uater  f 

Missing  2.77888 

GAS  COHPOS I T I  ON 


Ory  Ut.  1 


rtethane 

.3847? 

CO 

5.51372 

Hydrogen 

1.57142 

C02 

4.52558 

Acetylene 

54.7741 

Ethylene 

.73349 

Ethane 

4 . 0797BE-4 

Propylene 

.14427 

Benzene 

18.8282 

Paraffins 

8 

Olefins 

8 

HCN 

8 

Annonia 

8 

COS 

8 

CS2 

1 

S02 

8 

Uater 

8 

Other 

8 

Gas  Total: 

88.3917 

V.  7,/,v,  /  W,  .*  -r,  r.  r,  r,  ,  .■ 

*  ’  »S-*  'J'-f  V  ‘j1  ’aV.V.V.V.  f./.A/f, 


Voiunt  I 

XC 

ZH 

10 

9.32543E-3 

.23889 

.87449 

8 

.89574 

2.34318 

8 

3.15854 

.34948 

8 

1.57142 

8 

5.88218E-2 

1.23412 

8 

3.29144 

.94781 

52.4882 

4.34593 

8 

1.27481E-2 

.42847 

.18481 

8 

4.41382E-4 

3.24382E-4 

8.15954E-5 

8 

1.47857E-3 

.12345 

2.84142E-2 

8 

.84744 

9.98819 

.83207 

8 

8 

8 

8 

8 

-3.12388E-3 

8 

8 

8 

.87498 

8 

8 

8 

1.14355E-4 

8 

8 

8 

-4.37431E-3 

8 

8 

8 

2.34281E-3 

1 

8 

8 

4.88951E-4 

8 

8 

8 

.43741 

f 

8 

8 

98.3423 

8 

8 

8 

188 

44.9743 

4.97145 

4.44288 

A- 100 


‘  'r«.’rV'  «■  .  T.  «  .  «-«  r.  I  .  >  -  ir.  I*  ,  IT.  ».  r.  i 


TABLE  a- 9 9 


ptkolisk;  suhiirtin  report 


UMRU0  96 


K'UH  CONDITIONS 


1800  no.  DEGAS  COAL 
#  sec.  0  0  Ands 
I  sec .  0  t  Anos 

1306  Decrees  c.  0  0  torr  mth  ALTU6E  Arid 
m  nr.  Final  Pressure  for  90,5596  liters 


Benzene  1300°C 

Injector  6  cm  Above  Extractor 


f'TROLlSIS  PRODUCT  DISTRIBUTION 
Dry  ut.  I 


I.  har 
I  ar 
b  as 
U  ater 
ft  iss  inq 


.98333 
1  .04444 
64.800; 
5.08814 
28.0833 


'.as  conpos i r ion 


nethane 

'.U 

H  v  d  r  o  a  e  n 
I.UJ 

Acetylene 
L 1 1.  v  I  e  r.  e 
t  tha  le 
t  r  o  B  v  1  e  n  e 

benzene 

Paraffins 

Olefins 

HCM 

Annon  i  a 
COS 
CS2 
S02 

Water 

Other 


Dry  Ut.  t 

7.263I9E  4 
.52(66 

0 

.43613 
5.28442E-2 
I  .  jS862E-2 
3 .  I  8/20E-  i 
•4.0B042E-2 
59.0555 
.83983 
3.51001 
- .2453/ 
3.041 I  9E  -  3 
■  4 . 1 8 1 72E-3 
.08254 
1 . 06095E 
3.08814 
0 


E-2 


Gas  Total:  69.8888 


-3 


'.'olurte  t 

2.22385E 
9 . 1 2/08E 

0 

’.08263E-3 
9.95695E -4 
3 . 4/oj | E  -4 
5.20459E-5 
-;.09232E'4 
.36063 
4.89/95E-3 
2 . 04/04E -  2 
-4.45200E-3 
8.7638IE-3 
-3.4I430E-5 
5 . 32077E- 4 
8.1211 JE-3 
.09387 
99.1404 

100 


(3  as  Sc.ins  =7  0-0-76 
Analysis  =>  5-23-86 

Stored  *>  5-29-86 


0  :  0 
10  :  22 

14  :  6 


IC 

5.447J9E-4 

.22358 

0 

.17347 
4.87810E-2 
I .  ’0445E-J 
2.54976E-3 
-5.21 I53E-2 
54.5141 
.71982 
3.00843 
-.10904 
0 

-8.36344E-4 
I .30338E-2 

0 

0 

0 

58.5594 


Ill 

.81 579E-4 


.04376E- 3 
.  84  1  7 4 1 -  3 
.37441 E - 4 
.68B92E-3 
.54137 
.12001 
.50158 
.07869E-3 
J47/0E-4 


28 


.  29807 

i 

.  46266 


.56529 


5.71875 


. 1 1 326E-3 

. 30479E-3 
.32284 


5.28777 


Si 

$ 


I 


1 


a 


r. 
r  J 
rj 

f  j 


a 


,v 

,v 

S' 

SI 


V. 

V. 


vj 

s.w 


A- 101 


5 


TABLE  A- 100 


P1KULYSIS  SUrtfllKT  0EP»«T 

RUN  CONDITIONS 


1833  nq.  DEGAS  COAl 
I  5«C,  t  0  A«pS 
I  sec.  8  8  Anps 

1388  Deqrees  c.  8  I  tar r  with  ALTU8E  qrtd 
738  an.  Final  Pressure  for  94.4130  liters 


Benzene  1300°C 

Injector  16  cm  Above  Extractor 

1-TROirSlS  PRODUCT  DISTRIBUTION 


Dry  Ut.  1 


Char  4.38818 
Tar  2.27493 
li  as  92.8194 
Uater  5.28914 
dissinq  -4.89165 

UAS  COnPOSITION 


Dry  Ut.  Z 

'Jo I  me  y. 

a; 

Z11 

ZIJ 

nethane 

7 .  43592E -4 

2.22634E-S 

5.57e94E-4 

1 .85898E-4 

0 

CO 

.51487 

9 . 1 4553E- 3 

.22890 

0 

.30516 

H  y  d  r  o  q  e  a 

8 

0 

0 

0 

0 

C02 

.65126 

7.09694E-3 

.17759 

0 

.47366 

Acetylene 

3.4I814E-2 

9.9770'E-4 

4 . 99  4  1  BE -2 

4.16B40E-3 

0 

Ethylene 

2 . 8  J592E- 2 

3. 48634E-4 

1 .74498E-2 

2.90933E-3 

0 

Ethane 

T.24388E-3 

5.2151  IE-5 

2.61B4BE-3 

6.52600E-4 

0 

Proovlene 

-6.22502E-2 

-7, 1 0655E-4 

-5. 33547E-2 

-8.89556E-3 

0 

Benzene 

86.5248 

.51396 

79.8710 

6.65375 

0 

Paraffins 

.85981 

4 • 90784E- 3 

.73694 

.12286 

0 

Olefins 

3.39348 

2.05118E-2 

3.07997 

.51350 

0 

HCN 

-.25120 

-4.46100E-3 

-.11163 

-9.29459E-3 

0 

Annoma 

3.I135IE-3 

B.78I52E-5 

0 

5.49536E-4 

0 

COS 

-4.281I7E-3 

-3.421 20E-5 

-8. 36234E-4 

0 

-I.14178E-3 

CS2 

.08450 

5.33133E-4 

1.33438E-2 

0 

0 

S02 

1 .08619E-2 

8. 1 3754E-5 

0 

0 

5.43095E-3 

Uater 

5.20914 

.09606 

I 

.57873 

4.63040 

other 

0 

99.1386 

0 

0 

0 

Gas  Total: 

97.2283 

100 

84.0123 

7.85913 

5.41353 

IJSABJN  95 

lin  Hcaas  =>  8  -  0  -  76  0  :0 

Analysis  *>  5-23-86  9  :  42 

Stored  =7  5  -  23  -  86  9  :  58 


TABLF.  A- 101 


PIMlLt'ilS  SUI1M4KT  RE.  PURI 

K'UN  CONDITIONS 


1831  «q.  DEGAS  COAL 
I  sec.  8  8  Anos 
I  sec.  8  8  Anps 

1381  Deqrees  c.  8  8  torr  tilth  ALTU8E  qrid 
757  oe.  Final  Pressure  for  91.5238  liters 


1 1  'in  81 J*  ij 

13  a*i  Sc.iOH  •■>  t  -  <i  •  Ja  0  :  <i 

Analysis  *>  8  -  I  -  76  8:8 

Stored  *>5-22-86  15  :  15 


Benzene  1300°C 

Injector  26  cm  Above  Extractor 

F  rROL  ISIS  PRODUCT  DISTRIBUTION 
Ory  ut.  I 


L  nar 

t  8 . 7  5  2  v 

i  ir 

6.34325 

U  as 

78, *885 

water 

3.69142 

ft  is  s  1  nq 

.32386 

lj  AS  LUBPOSl  I  104 

Ci  v  ut .  : 

P  t  i  *1  0 

. 34838 

CJ 

4  .  d  *•'  ’  y  6 

M V  ! r  :  ;en 

i  .(.‘a  'a 

A  Mpo? 

.  17 .84 

t  *  *■  v  ;  *»  rt  P 

.  e* 

f.  *  -t  n  P 

3  .  ’  7&7JE  4 

P  r  o  0  y  i  p  1>  p 

1 . 6a 35 1 E -  2 

Bu>  n  ’  p  ne 

61  .  3326 

Paraffins 

.42334 

Olefins 

2.17522 

hCn 

- . 1! 388 

Ahaohi a 

1  .  358  22E  - 2 

COS 

7.2I688E-3 

CS2 

.89288 

SO? 

8.8626IE-3 

Water 

3.69142 

Oth»r 

8 

Vo  1 une  l  a; 


7.1 9947E-3 

.18822 

.87204 

1  .  75634 

.24782 

8 

5 . 9  9  7  1 5  L  -  3 

.15842 

7.881 J3E  3 

.34786 

1  .  1  •  8  8  7  E  ■  3 

5.485651  -2 

5.1734  E  6 

2.581 J8E-4 

1 .96683E-4 

1 .425/9E-2 

.37648 

56.6161 

2 .58 1 a4£ -3 

.36284 

1 .28539E-2 

1.86438 

-  2 . 87757E-3 

-5 . 82284E-2 

3.94249E-4 

8 

-5 . 96979E-5 

-1.44328E-3 

6.81456E-4 

1 .45487E-2 

6.25329E-5 

8 

.87847 

8 

99.5887 

8 

zh  no 

6.682a4E-2  8 

8  2.34151 

1  .  8  26.' 6  8 

8  .48118 

2. 3V793E  - 2  8 

9.8I257E-3  8 

6.25345E-5  8 

2.37716E-3  8 

4,71642  8 

6.84956E-2  8 

.31883  8 

-4. I8127E-3  8 

2.383I5E-3  8 

8  - 1 . 92458E- J 

8  8 

8  4.831 38E- J 

.41811  3.28138 

8  8 


Gas  Total :  74.8999 


188 


61.3896 


6.62348 


6.82612 


TABLE  A-102 


PThQLfbUS  '.iUfllWHt  REPORT 


KIM  CONDITIONS 


17 88  «A.  DEGAS  COAL 
I  sec.  8  f  Anps 
t  tec.  *  8  Anps 

1388  Decrees  c .  8  I  torr  with  AirUBE  qrid 
759  «n.  Final  Pressure  for  94.4138  titers 


U  SP  RtJR  94 

b as  Scans  ~>  li  ■  ll  -  76  I  :  U 
Analysis  *p  5  -  23  -  86  8  :  22 

Stored  *>5-23-86  9:2 


Benzene  1300°C 

Injector  36  cm  Above  Extractor 

P1R01TSIS  PRODUCT  OISTRIBUTIOM 
Dry  Ut.  I 


C  har 
T  ir 
b  as 
U  at  er 
M  iss inq 


37.6117 

5.18823 

44.7987 

6.88922 

6.48888 


1 1  AS  COflPQSITlON 


Dry  Wt.  I 

bOlUNS  1 

ic 

VS 

Zb 

rtethane 

.46828 

1.2/318E-2 

.34515 

.11585 

8 

CO 

5.  J9I96 

.88523 

2.31899 

8 

3.88897 

Hydro  }?n 

2.76478 

.59815 

8 

2.76478 

8 

CU2 

. 4 38 36 

4.48975E-3 

.11954 

* 

.31882 

Acetylene 

.57823 

9.84378E-3 

.53376 

4.44658E-2 

4 

Ethylene 

.8637' 

1 . 8882 1 E-3 

5 . 4665 1 E -  2 

9.11 484E-3 

8 

Ethane 

1  .  1  6968E-4 

I.72575E-6 

V.35758E-5 

2.33937E-5 

8 

Propylene 

4.86966E-2 

-5.I3I92E-4 

-4.1 737BE-2 

-6.95874E-3 

8 

Bencene 

33.8941 

.18748 

31.2876 

2.68o45 

8 

Paraffins 

.12133 

6 . 39364E-4 

.18399 

1 . 7339 1 £-2 

8 

Olefins 

.94029 

4.95478E-3 

.88593 

.13436 

8 

HCH 

-.13946 

-2.28626E-3 

-6.19774E-2 

-5.I6813E-3 

8 

A««om  a 

7.92945E-3 

2 . 86453E-4 

8 

1 . J9954E-3 

1 

cos 

-3.I3872E-3 

-3.71784E-5 

-l.88>74E-3 

8 

- 1 . 34382E-3 

CS2 

.13817 

8.8472BE-4 

2. 18179E-2 

« 

• 

S02 

6.81423E-3 

4.71268E-5 

8 

8 

3.4871  IE-3 

Water 

6.88922 

.18238 

8 

.66762 

5.34168 

Other 

8 

99.6173 

8 

8 

8 

Gas  Total: 

58.8888 

188 

35.4789 

6.34843 

8.74346 

TABLE  A-103 


l-‘  TK 9 .  Ili Hi  SUMUrtHf  «t.  P1J R  r 


IJSriRIIN  91 


KUN  CONDITIONS 


T8k>«  «A.  DEGAS  COAL 
I  sec.  3  4  Anus 
I  sec.  3  *  Ands 

1304  Decrees  c.  3  4  torr  uith  ALTUBE  And 
761  nn.  Final  Pressure  for  94.5596  liters 


Benzene  1300°C 

Injector  46  cm  Above  Extractor 


ROLfSlS  PRODUCT  DISTRIBUTION 
Ory  Ut.  I 


I  fur 
I  ar 

U  4S 

i 1  iter 
Missing 


ofl .8888 
i .  58888 
2  4 . ?  y ev 
5.7  =  554 
4 . 9  2  7  7  7 


as  cunpos i t i on 


Gas  Total :  34.7944 


144 


lia1!  Sc. ills  ->  0  0  -  76  4  :0 

Analysis  *7  4-4-76  0:0 

Stored  =>5-22-86  14  :  57 


D  r  v  U  t .  '. 

')  0  1  'Jfl  t  '1 

Jl. 

fl  <?  *.  h  a  n  e 

.  : 0004 

8.9356IE-3 

.22500 

L(J 

4 . ; !  \  \  8 

.07360 

1.80050 

rtvli*  o  ie  n 

2. -.0555 

.85939 

<d 

LUJ 

l  .  j  3  *  w  2 

1 .  '0710E -2 

.41  dV'J 

Acetylene 

1 .  10555 

2.40473E-2 

1 .2451 5 

1 1  r> «  l  °  n  e 

1  .  5  7548E -  3 

.47732 

t  ‘  'inn® 

1  .31  Silt  4 

2.96I23E -6 

1 . 4535 JE - 4 

rroovlen? 

5 . 0 1 8 1 0E  2 

-6. 773I6E-4 

-4.V8669E-2 

8en:ene 

l 4.9222 

.09119 

13.7747 

Paraffins 

2.22379E-2 

1  .  2944  1  E  -4 

1 .90601E-2 

Olefins 

.38629 

2.24854E-3 

.33109 

HCN 

.12453 

-2.25524E-3 

-5.5344  IE-2 

A««oni a 

8 . 4866 1 E  3 

2.44087E-4 

4 

cos 

-  4 . 78846E  -  3 

-3.942I5E-5 

-9 . 57692E-4 

CS2 

.14189 

9.1 2894E-4 

2.24455E-2 

502 

7.94630E-3 

6.47478E-5 

4 

Uatpr 

5.79554 

.14898 

4 

Other 

4 

99.6778 

4 

17.7741 


A-  105 


ai 

.37504 

0 

J. 63555 

4 

. i 4019 
I .C3V2 7E  2 
3.33383E-5 
-8. j1407E-i 
1  .  1  4751 
3. I 7780E-3 
5.52418E-2 
-4.60785E-3 
I  .  49788E-3 
4 
4 
4 

.64388 

4 

5.63224 


tlj 


2. 40U38 


11729 


0 
1  . 

0 

0 

4 

0 

4 

0 

4 

4 

4 

-1.27748E-3 

4 

J.97J15E-3 

5.15165 

4 

8.68443 


4 


i 


Jl 

?C| 


►  ] 


i 


.o 

'i 


'A 


3 

> 


'■y.  V- 


-  ^.e  M 


-  i^JuAiV  >  -  M 


v 


«  I 

I 


TABLE  A- 104 


f  IKOL  ISIS  SUrlrlAKf  SEPO*T 


USHiua  u 


KUN  CONDITIONS 


1742  Nfl.  DEGAS  COAL 
I  sec.  9  *  Anps 
I  sec.  t  I  Anps 

'3*»  Decrees  c.  g  I  torr  mth  AL TUBE  irxd 
7H  nn.  Final  Pressure  for  91.5594  liters 


Benzene  1300°C 

Injector  56  cm  Above  Extractor 


P1R0LTSIS  PRODUCT  DISTRIBUTION 
Dry  Ut.  1 


L  har 
I  ar 
bas 
u  ater 
n  iss  in^ 


61.9977 

2.9334* 

25.4926 

4.76795 

4.8*826 


LAS  LJNP0S11I0N 


Nethane 

CO 

H  y ■]  r  o  i  e  n 

:o: 

Acetylene 
•'  *.  h  >•  1  e  n  e 
ttfiane 
f  r  jpyiene 
Bencene 
Paraffins 
Olefins 
hcn 

Annonia 

COS 

CS2 

S02 

Water 

Other 


Dry  Ut.  I 

.  58776 
3.578*5 
3.88597 
.  17887 
2.1* ’69 
.13*18 
2.44429E-4 
-4.56284E-2 
13.9613 
.24291 
.2*272 
.14223 
5.221 33E- 3 
-5.15288E-3 
.15*2* 

6 . 381 34E-3 
4.76795 
* 


Gas  lotal:  31.26*6 


Volume  7. 

I  .  73475E-2 
6.8352IE-2 
.87894 
3 . 99999E -  3 
4 . 1 8526E- 2 
2.76315E-3 
3.379J6E-6 
-5. 1 3131E-4 
.*8452 
1  .  36563E-3 
1  .  1  3965E-J 
2.48762E-3 
1.45*4*1-4 
-3.97689E-5 
9.3331  IE-4 
4 .  71834E-3 
.18639 
99.7*33 


A-106 


Ili'S  Scats  =7  0  0  -  ,’n  0  :  ^ 

Analyjis  *>5-22-86  16  :  1 

Stored  *>3-23-84  /  :  1* 


.44*82 

1.53372 

* 

.1*331 
2.1.023 
.115*1 
I .971 43E-4 
■3.91 D82E-2 
12.8877 
.2882* 
.17375 
.*632* 

» 

-l.»!»57E-3 

2.37I73E-2 

f 

f 

» 


3.8*597 

* 

.17-46 
1.  >1  '  5  5 1  -  2 
4.9J858E-5 
-6.52032E-3 
1  .*7362 
3.47I27E-2 
2.89687E-2 
5.26252E-3 
9.21365E-4 
f 
f 
f 

.52971 

« 

3.8)629 


2. *4472 

« 

.27555 


-1 .34761E-3 

« 

3. I 9167E-3 
4.23823 

* 


TABLE  A- 105 


HVIIJUSlS  SI JftM AK  f  «t P1J#7  -  USrtBUI  VI 

lias  'icons  => 

I.  jn  CJrOIHONS  Analysis  -> 

■  ■  -  Stored  => 

tail  m.  DEGAS  CJAL 
I  sec .  8  I  AhOS 
I  »c  .  0  0  5"»s 

l.’JI  Deirees  c.  0  I  torr  with  ALFUBE  arid 
'6!  »*.  final  Pressure  for  90.5596  liters 


Benzene  1300°C 

Injector  66  cm  Above  Extractor 

r  :  k  "  L  'SIS  PR1]  DUC  T  D  I S  I R I BU  F 101* 


Dry  Ut.  I 


i  Mr  76 . 3944 

t  ir  I  .  3’444 

i, is  25.5944 

..iter  3.1  9552 

Hissinq  -7.8’888 

i.-s  co-tFosinoN 


Dry  0*. .  5 

Vo  lu  «e 

it: 

::n 

•:o 

j  n  p 

.*.8155 

2.878  3VE -  2 

.51116 

.  1  7038 

0 

.3 

* 

.07021 

1.73574 

2. 31 404 

H  , 

4.74444 

1 . 1  955 

0 

4.V4444 

<6 

».  1 J 

o.Urf  9E  5 

6.885J9E-7 

1 .488841-5 

0 

4.480/4E-5 

*  c  *  1  i  1  ?  n  •> 

4.14444 

.87481 

3.82575 

.  jie.’0 

0 

t f.  -*■ .  i  *?  n  <? 

.14611 

3.88358E-3 

. 1 4258 

2.575051-2 

0 

t  \  Vj  n  e 

4.  J4V4H-4 

6.384571-4 

3.39V53E-4 

8. 19382E-5 

0 

Propylene 

1  .84,’ U8E.  -  2 

2. I3842E-4 

1 .58382E-2 

2.64862E-3 

0 

t  e  n  r  e  a  e 

11.9388 

.86634 

18.8976 

.84120 

0 

Paraffins 

.88381 

4 . 80 J54E-4 

.87115 

1 . I8632E-2 

0 

Olefins 

.22885 

I.36255E-3 

.231 46 

3.85903E-2 

0 

HCN 

.18236 

J.37278E-3 

.08326 

6.93241E-3 

f 

A«*oni a 

6.28446E-3 

1 .79673E-4 

f 

1.10920E-3 

« 

cos 

-3.14632E-3 

-4 . 1 6883E-5 

-1.82926E-3 

* 

- 1 . 37252E-3 

CS2 

.12224 

7.81 796E-4 

1.93828E-2 

0 

0 

S02 

5.276I8E-3 

4.00684E-3 

f 

f 

2 .63803E-3 

Uater 

3.19532 

3.77363E-2 

f 

.33312 

2.84050 

Other 

« 

99,7162 

8 

* 

0 

0  <  s  Total: 

28./Vtfg 

188 

16.7330 

6.71472 

5.15587 

1-1-26  0:4) 

5-22-86  13  :  44 

5-22-86  14:1 


A- 107 


N  .%  A 


TABLE  A- 106 


p  muir'iis  sunfidK-r  it  mu 

K’ UN  CONDI  UONS 


2581  «q.  ASIS  COAL 
i  sec.  8  f  Anps 
I  sec.  8  2  Anps 

1328  Deqrees  c.  8  2  torr  with  ACTUBE  Arid 
761  ee.  Final  Pressure  for  1»4. 84?  liters 


Dodecane  1300°C 

Injector  26  cm  Above  Extractor 

F- TRULrSXS  PRODUCT  DISTRIBUTION 


Dry  Ut.  I 


L  har 

8 

l  ar 

1  .78542 

94.4421 

11  iter 

3.74844 

n iss inq 

-.11427 

|J  AS  COHPOSI T I  ON 

Dry  Ut.  : 

hethane 

18.2894 

CO 

1 .03543 

hydro-ten 

1 . 39534 

L02 

.  15581 

4  c  e  t  i  o  0  p 

? .  0  b 0 .  ’  4 

1 1  h  y  i  e  n  e 

4!.oo’3 

w  th jne 

..'.48192 

Propylene 

12.8527 

8en:ene 

8.82947 

Paraffins 

.45891 

Olefins 

18.1875 

H  CN 

8 

Annonia 

1 

COS 

1 

CS2 

« 

S02 

1 

Water 

3.74844 

Other 

f 

Gas  Total: 

98.4118 

U6hKU«  Ui8 

Gas  Scats  =,•  0-1-76  <d  :  0 

Analysis  *>  7  -  7  -  07  14  :  28 

Stored  *>  5-22-84  24  :  35 


Volune  1 

112 

ZH 

1U 

.18465 

7.56722 

2.52248 

2 

3 . 5  o  2  7  5E -  2 

.72894 

2 

.93448 

.48867 

2 

1.19534 

2 

1 .99717E-1 

4.:2;^0e-2 

0 

.  1  12/!) 

.10611 

6.53625 

.!i44bl 

0 

■Y277! 

35.7111 

5.95426 

0 

5. 45296E-2 

2.14552 

.53638 

2 

.15374 

9.32186 

1.55285 

2 

.84279 

7.41219 

.61748 

8 

8.81576E-3 

.56475 

.89415 

2 

.12391 

8.92328 

1.48438 

2 

0 

1 

8 

2 

# 

f 

8 

« 

• 

f 

1 

1 

f 

f 

1 

« 

• 

* 

* 

2 

.18841 

f 

.41869 

3.34994 

97.1841 

f 

f 

» 

!«« 

78.8873 

15.1184 

4.39721 

A'  108 


a/.  .j 


w-.v-  ‘a\*»V.VV* 


■  *  *  -  "  •  ■  ~  , 


_ _ _ 


TABLE  A- 107 


r  •KULllilS  SUm»KI  KPUSr  USnUlje  I.v 

I3a<;  licaas  U  -  I  -  M  t>  : 

h UN  CONDITIONS  Analysis  =>6-38-8?  /  : 

Stored  =>  It  -  18  -  87  9 

178#  nq.  DEOX  COAE 
•  sec.  8  8  Anps 
I  sec.  8  8  Anp s 

138#  Deqrees  c.  8  #  torr  with  ALTIJ8E  qrid 
?53  ««.  Final  Pressure  for  1 #• .194  liters 


Dodecane  1300°C 

Injector  46  cm  Above  Extractor 

I  TROLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut.  Z 


L  Bar  1.35925 

I  ir  a.  I  481 4 

bis  95 . 2  ’25 

biter  1. 43128 

II 15  5  l  nq  -A. mil 

I I  IS  JNK'JSlflON 


i  ?  t  h  a  n  e 

Dry  Ut.  Z 

18.85:8 

Vo  1*  i  up 

.43984 

Zl. 

8.1 3888 

ZH 

2.71296 

\o 

8 

cQ 

0 

.  1  2898 

2.571s# 

0 

3. 42840 

HV  ire  :•?!) 

4 .  j : :  2  2 

I .  ioqb  3 

8 

4  **  > 

8 

.'J2 

.  40  7  i 

5.97a8qE'3 

.11109 

8 

.39638 

i  •?  ip 

1  ‘.2 4*2 

.  4  H'wV 

I5.'>ftft2 

1  .  35888 

8 

t  *  ft  V  l  <?  n  p 

10 

.  6  9  3  J  J 

35.71  !8 

4  .  .8700 

8 

k. » r.  /,  i  e 

,c »qyy 

1 .  2296  4E -  3 

.43759 

.18939 

0 

P'OPV 1 ene 

I..'  2V7 

5.99779E-2 

3.28158 

.53377 

8 

Ben  Jen* 

1  1  .222/ 

.119703 

11.3596 

.86312 

| 

Paraffins 

4.39251 

3.44628E-2 

3.6791 1 

.61339 

0 

Olefini 

6.  '8378 

5.28552E-2 

5.74574 

.95795 

0 

HCN 

An.onia 

COS 

CS2 

S02 

Uater 

8 

« 

> 

1 

8 

1 .43121 

8 

8 

8 

« 

8 

3.71 233E-2 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

.15988 

8 

8 

8 

8 

8 

1.27219 

Other 

• 

98.9189 

8 

8 

8 

Gas  Total: 

96.7837 

188 

75.9244 

15.7888 

4.99698 

TABLE  A- 108 


PIKUL'fSIS  SUMH4K1  RtPUSf  U  SA  RU  0  IU2 

13  as  beats  ».>  #  -  I  -  76  0  :  U 

KUN  CONDITIONS  Analysis  =  >  7-3-87  /  :  5 

-  . . .  Stored  =>7-7-87  18 

275#  «q.  BEOX  COAL 
I  sec.  8  I  Anps 
I  sec.  8  8  Anps 

1308  Decrees  c.  8  8  torr  uith  AL  TUBE  qrid 
755  (in.  Pmai  Pressure  for  99. .'308  liters 


Dodecane  1300°C 

Injector  66  cm  Above  Extractor 

I  TRQLTSIS  PRODUCT  DISTRIBUTION 


Dry  Ut .  2 


Ltiar  15.4545 

I  tr  2 . 87272 

bis  05.4058 

biter  4  .  o  3  i  io 

M  ISS  i  nq  II  .  0 Jo3 

I  4S  -0NP0SI i ION 


Dry  u  t .  2 

tfQ  L-  \ 

1C 

51 

-.0 

n  e  ♦  r,  a  n  e 

18.1281 

.43462 

7.5V0U 

2.53003 

0 

.0 

5 .  ’  ’oo8 

.'2704 

2.21872 

0 

2,^5795 

H  3  r  o  i  o  p 

8 . 7  o  i  a  3 

2.-0993 

0 

8.76363 

0 

.02 

.  1  J  ’  41 

1 .0-6061-3 

3.3I00OE-2 

0 

.08830 

Acetylene 

23.5272 

.60264 

21  .71 80 

1 .-0924 

0 

l  t  v  i  e  n  e 

n-.i 

.'7745 

6.19754 

1 .03328 

0 

Ltr.  -n.e 

2.4398 it -2 

5.58840E.-4 

1 .951 66E-2 

4 ,879a ’E -  3 

0 

Propylene 

.  4  4  400 

7  •  -'651  2E-3 

.38010 

.  06345 

1} 

benzene 

9.43703 

.08313 

8.71 1 32 

.72570 

0 

Paraf  f ins 

8 

0 

0 

f 

8 

U  1  e  f  l  n  s 

.54545 

9.27I52E-3 

.46750 

.07794 

8 

HtN 

0 

0 

0 

0 

0 

A«*on  i  a 

0 

0 

0 

0 

8 

LOS 

0 

0 

0 

0 

0 

CS2 

0 

0 

0 

0 

0 

S02 

( 

0 

0 

0 

0 

Water 

4.63126 

.12239 

0 

.51453 

4.11673 

Other 

0 

98.4747 

0 

0 

0 

Gas  Total: 

70.0363 

T  00 

47.3364 

15.5227 

7.16299 

>  .*<  .'v  ^  V”/  w>  V  VW’.'.v.T.v.  V.  r.ir.'irjririuntf  crv  w  w  v  v 


V  t  v  ■■/■.'  w- ,  irjwrrjTr' 


TABLE  A- 109 


PlKOLYliIS  SUrinAh; f  JEPUSr 

K  UN  CONDITIONS 


2B82  ni.  DEOX  COAL 
I  sec .  $  4  AbBs 
I  sec.  t  0  hnds 

I3i«  Decrees  c.  g  *  torr  eith  ALIU6E  qnJ 
753  nn .  Final  Pressure  far  94.4130  liters 


USADUII  Hi 

C  is  Uciii'j  =.f  ii  -  I  •  76  0  ;  ii 

Analysis  =>8-8-86  81  :  25 

Stored  =>  11-16-82  11  :  46 


Dodecane  1300°C 
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Figure  B-l.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  UTRC-2A. 


4000  3800  3200  2800  2400  2000  1800  1200  800  400 
Wavenumbers 


Figure  B-2.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  ERBLS-1. 
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Figure  B-4.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JP-7. 
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Figure  B-6.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JP4. 
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Figure  B-8.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  AFAPL-6. 
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Figure  B-9.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  AFAPL-2. 
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Figure  B-10.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  UTRC-3B. 
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Figure  B-ll.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  UTRC-8A. 
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Figure  B-12.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  ERBLS-2. 
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Figure  B-14.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  UTRC-9B. 
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Figure  B-15.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  Tetralin. 
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Figure  B-16.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  XTB. 


.  -  .  ■  ,v,v\v.v.V.V.V' 


.•'.V.v.', 


V 

V 

£  1.20 
CQ 

| 

|  -90 


4000  3800  3200  2800  2400  2000  1800  1200  800  400 
Wavenumbers 


£1.20 

|  -9° 


4000  3800  3200  2800  2400  2000  1800  1200  800  400 
Wavenumbers 


Figure  B-18.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  ERBLS-3. 
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Figure  B-19.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  ERBS. 
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Figure  B-20.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  Decalin. 
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Figure  B-21.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JP4-A. 
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Figure  B-22.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JET- A. 


Figure  B-26.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JP8X-2414. 
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Figure  B-27.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JP8X-2383. 
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Figure  B-28.  a)  Fixed  Path  Length  Cell  and  b)  Scaled  Variable  Path 
Length  Cell  for  Fuel  JP8X-2398. 
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A  KINETIC  MODEL  FOR  THE  PYROLYSIS  OF  LARGE  n- ALKANES 

Kevin  R.  Squire*,  Michael  A.  Serio,  Peter  R.  Solomon,  and  David  G.  Hamblen 
Advanced  Fuel  Research,  Inc.,  87  Church  Street,  East  Hartford,  CT  06108 

ABSTRACT 

A  new  kinetic  model  describing  the  pyrolysis  of  complex  mixtures  of  n-alkane 
hydrocarbons  is  presented.  This  free  radical  model  is  based  on  conventional 
elementary  reaction  steps  and  rate  constants  from  the  literature.  In  developing  this 
model,  we  have  extended  the  basic  Rice,  Kossiakoff,  and  Herzfeld  (RKH)  mechanism  to 
higher  temperatures  by  adding  more  decomposition,  addition  and  hydrogen-transfer 
reactions.  A  further  modification  of  RKH  was  to  drop  the  assumption  that  heavy 
radicals  always  isomerize  before  decomposition.  Isomerization  rate  constants  were 
included  to  determine  the  extent  of  isomerization  in  competition  with  the  other 
processes  which  can  create  or  destroy  large  radicals.  A  solution  procedure  was 
developed  involving  three  simplifying  assumptions:  1)  steady  state  radical 
populations,  2)  single  termination  rate  for  all  radicals,  3)  use  of  stoichiometric 
coefficients  to  describe  the  distribution  of  radicals  over  various  carbon  numbers  in 
large  n-alkyl  and  n-alkenyl  radicals.  Extensive  simulations  were  made  of  literature 
and  in-house  data  to  test  the  model  predictions  and  assumptions.  Results  are 
presented  for  simulation  of  flow  reactor  data  for  butane  (1373  K,  1  atm),  hexadecane 
(866-977  K,  65  atm.),  and  Solpar  (a  Cj^-C^q  “ixture,  1053  K,  1  atmi)  pyrolysis  and  of 
shock  tube  data  for  octane  pyrolysis  and  hydropyrolysis  (1000-1500  K).  In  general, 
the  model  provides  good  predictions  of  product  distributions  and  the  overall  cracking 
rate  up  to  1400  K.  At  temperatures  above  1000  K  the  overall  rate  is  somewhat 
overpredicted.  At  temperatures  above  1300  K  and  high  extents  of  reactions,  the 
predictions  for  major  species  deviate  somewhat  from  the  data.  Possible  reasons  for 
these  discrepancies  are  given,  and  include  the  lack  of  treatment  of  secondary 
pyrolysis  of  olefins  and  diolefins  and  possible  errors  In  the  initiation  rates  at 
high  temperatures. 


Topics:  Kinetics;  Thermal  Decomposition;  Soot 
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A  KIMETIC  MODEL  FOR  THE  PYROLYSIS  OF  LARGE  n-ALKAHRS 


Kevin  R.  Squire*,  Michael  A.  Serio,  Peter  R.  Solomon,  and  David  G.  Hamblen 
Advanced  Fuel  Research,  Inc.,  87  Church  Street,  East  Hartford,  CT  06108 

IHTRODOCTION 


Soot  production  in  combustion  is  an  important  phenomenon  which  can  influence 
heat  transfer  rates,  flame  stabilities,  reaction  temperatures,  conversion 
efficiencies,  pollutant  release  rates,  and  the  life  expectancy  of  combustion  devices. 
Glassman  has  shown  that  the  tendency  to  form  soot  during  combustion  increases  as 
alkane  chain  lengths  increase  (1).  These  heavy  alkanes  are  major  components  of 
kerosenes  and  gas  oils  and  are  thought  to  be  important  generators  of  soot  in  jet 
engines  and  combustors.  In  order  to  minimize  soot  production  in  these  devices,  it 
is,  therefore,  desirable  to  develop  predictive  kinetic  models  describing  the  cracking 
of  large  alkanes  into  smaller  gases  and  of  these  smaller  gases  into  soot. 
Unfortunately,  accurate  kinetic  models  for  hydrocarbon  cracking  have  been  developed 
only  for  hydrocarbons  containing  less  than  about  five  carbons  (2). 

We  have  approached  the  problem  of  modeling  soot  formation  during  the  cracking  of 
large  alkanes  by  splitting  the  model's  development  into  two  parts.  In  the  current 
model  the  earliest  stages  of  cracking  have  been  described.  This  Initial  model 
provides  predictions  for  the  concentrations  of  H2,  alkanes,  1-alkanes,  dienes 
including  acetylene  and  propadiene,  H  radical,  alkyl  radicals,  and  alkenyl  radicals. 
The  computer  program  can  easily  be  recompiled  to  handle  arbitrarily  long  hydrocarbon « 


♦Presently  employed  at  Signal  Research  Center,  50  Uop  Plaza,  Des  Plaines,  IL  60016 


chains,  but  is  presently  restricted  to  straight  chain  aliphatics.  During  the  second 
part  of  our  modeling  program,  we  plan  to  extend  this  model  to  include  the  cracking  of 
olefins  and  dienes,  ring  formations  via  Diels-Alder  reactions,  and  the  formation  of 
large  polyaromatic  hydrocarbons  via  additions  of  acetylene  to  aryl  radicals* 


MODEL  FORMULATION 

The  cracking  of  normal  alkanes  in  the  temperature  range  of  400-1000  K  is  well 
described  by  the  Rice,  Kosslakoff,  and  Herzfeld  (RKH)  mechanism  (3-7):  large  alkyl 
radicals  are  formed  by  Initiation  or  hydrogen  transfer  steps  and  then  decompose  via 
successive  /^-eliminations  of  1-alkanes  to  make  methyl  and  ethyl  radicals.  These 
small  radicals  then  abstract  hydrogens  from  the  heavier  alkanes  to  stabilize  as 
methane  and  ethane  and  propagate  the  chain  reaction.  In  the  simplest  form  of  this 
mechanism,  the  larger  alkyl  radicals  either  continue  to  decompose  or  are  stabilized 
by  abstracting  hydrogens  from  other  large  alkanes.  It  has  been  found,  however,  that 
ethylene  yields  (ethylene  is  produced  from  radicals  on  the  ends  of  the  alkane  chains) 
are  too  high  from  the  simplest  model.  To  correct  this  shortcoming,  it  is  assumed  in 
the  complete  RKH  mechanism  that  all  radicals  with  chain  lengths  greater  than  five 
internally  isomerize  (5).  Several  researchers  have  tested  this  modified  mechanism 
and  have  found  good  agreement  with  experiment  (7-11). 

In  this  paper,  a  new  kinetic  model  describing  the  pyrolysis  of  complex  mixtures 
of  hydrocarbons  is  presented.  This  free  radical  model  is  based  on  conventional 
elementary  reaction  steps  and  rate  constants  taken  from  the  literature.  The 
reactions  which  have  been  included,  their  rate  constants,  and  literature  references 
are  listed  in  Table  I. 

In  developing  this  hydrocarbon  cracking  model,  we  have  extended  the  RKH  model  to 


higher  temperatures.  This  has  been  accomplished  by  including  mechanisms  for  the 
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decomposition  of  ethyl  radical  to  ethylene  (reaction  12),  propyl  radical  to  propylene 
(reactions  13  and  14),  vinyl  radical  to  acetylene  (reaction  31);  for  hydrogen 
abstractions  from  all  gas  species  by  H  radicals  (reactions  32-37)  and  by  larger 
radicals  from  both  small  and  large  molecules  (reactions  38-48);  and  for  additions  to 
ethylene,  propylene,  and  acetylene  by  H  (reactions  12,  13,  and  31)  and  to  alkenes  by 
CH3  (reactions  15,  16,  and  25).  Rather  than  assuming  that  heavy  radicals  always 
isomerize  before  decomposition,  we  have  also  included  Isomerization  rates  (reactions 
49  and  50)  which  are  used  to  determine  the  extent  of  isomerization  in  competition 
with  the  other  processes  which  can  create  or  destroy  large  radicals. 

Many  of  the  rate  constants  used  in  the  model  have  been  taken  unchanged  from  an 
excellent  compilation  by  Allara  and  Shaw  (12)  and  are  the  values  used  by  Edelson  and 
Allara  (13)  in  their  sensitivity  analysis  of  propane  and  butane  cracking.  Some  of 
these  rate  constants  have  been  adjusted  slightly  for  the  following  two  reasons:  1) 
Adjustments  were  made  within  the  reported  error  tolerances  to  make  the  model's 
predictions  agree  better  with  experiment.  2)  Since  these  rate  constants  were 
collected  to  describe  the  pyrolysis  of  n-alkanes  in  the  temperature  range  of 
700-850  K,  adjustments  were  made  in  the  Arrhenius  parameters  to  better  fit 
higher  temperature  data  while  still  maintaining  the  same  rate  at  775  K. 

The  constants  for  reactions  20-30,  44,  and  46-48  were  all  adjusted  to  improve 
the  distributions  of  high  molecular  weight  hydrocarbons  from  the  cracking  of  large 
alkanes.  The  hydrogen  transfer  rates  are  slightly  higher  than  those  of  Allara  and 
Shaw  while  the  decomposition  rates  are  slightly  lower.  The  termination  rate 
(reaction  11)  is  an  adjustable  parameter  of  the  model  and  is  described  in  more  detail 
below.  The  rates  for  hydrogen  abstractions  from  CH^  (reactions  32  and  38-41)  were 
calculated  using  the  Allara  and  Shaw  rate  constants  for  the  reverse  reactions  and 
thermochemical  kinetics  (14).  The  rate  constants  for  additions  of  CHj  to  alkenes 
(reactions  15,  16,  20,  and  25)  were  taken  from  Allara  and  Shaw  and  are  values  for  the 
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formation  of  unbranched  secondary  radicals;  the  model  does  not  permit  the  formation 
of  branched  hydrocarbons  as  the  result  of  addition  reactions.  The  forward  rate  of 
reaction  31  was  taken  from  Westbrook,  Dryer,  and  Schug  (15)  while  the  reverse  rate 
was  calculated  using  thermochemical  kinetics  (14).  The  rate  for  hydrogen 
abstractions  from  ethylene  (forward  reaction  35)  is  an  Arrhenius  approximation  to  the 
rate  expression  used  by  Westbrook,  Dryer,  and  Schug  (15)  and  is  balanced  by  a  reverse 
rate  constant  calculated  using  thermochemical  kinetics  (14). 

The  model  needs  as  Inputs  the  temperature-time  profile  for  the  reactor.  Initial 
concentrations,  the  pressure,  and  the  integration  step  size.  A  standard  kinetics 
file  is  used  for  all  simulations.  Outputs  from  the  model  are  calculated  time, 
temperature,  gas  concentrations  (H2,  alkanes,  alkenes,  acetylene,  and  dienes), 
radical  concentrations  (H,  alkyl,  alkenyl  and  total)  and  radical  reaction  velocities 
for  all  the  categories  of  reactions  listed  in  Table  I. 

In  the  current  model  we  have  assumed  a  homogeneous  reaction  mixture.  This  is  a 
fairly  good  assumption  for  an  entrained  flow  reactor  and  for  shock  tube  experiments, 
but  is  definitely  a  limitation  for  comparisons  with  other  types  of  data.  More 
accurate  treatments  of  transport  effects  are  being  developed  as  part  of  our  ongoing 
modeling  efforts. 


MODEL  SOLUTIOH 


Steady  State  Solution  -  The  model  is  solved  using  a  steady  state  (SS) 
approximation  to  calculate  new  radical  populations  at  the  start  of  each  integration 
step  in  order  to  shorten  the  calculation  time.  According  to  Benson  (16),  steady  state 
approximations  are  valid  as  long  as  radical  populations  are  small  relative  to  gas 
populations.  This  has  been  the  case  in  all  our  simulations  for  temperatures  up  to 
1500  K.  The  accuracy  of  the  SS  method  has  also  been  checked  by  comparing  solutions 
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of  simplified  model  problems,  where  many  of  the  rate  constants  in  Table  I  are  set  to 
zero,  with  exact  integrations  using  Gear's  method  (17).  It  was  found  to  give  good 
agreement  at  temperatures  up  to  1800  K  in  test  cases  on  ethane,  ethylene  and  heptane 
pyrolysis  models. 

Single  Termination  Sate  Constant  -  A  second  assumption  was  made  to  simplify  the 
solution  of  the  network  of  equations.  This  was  to  assume  that  all  radicals  in  the 
simulation  recombine  with  each  other  and  they  all  react  at  the  same  rate  (reaction 
11).  This  linearizes  the  algebraic  equations  for  the  individual  radical  populations. 
Strictly  speaking,  this  assumption  is  incorrect  (12),  since  larger  paraffinic 
radicals  recombine  at  a  slower  rate  (log  A  *  9.5)  than  do  methyl  radicals  (log  A  - 
10.4).  In  addition,  radical  disproportionations  are  not  included  in  the  mechanism  at 
all.  However,  for  conditions  where  the  propagation  steps  are  much  faster  than 
initiation  and  termination  steps,  reaction  chains  are  long  and  relative  product 
yields  are  independent  of  the  termination  mechanism  (16).  Absolute  yields  are  fixed 
in  these  cases  by  the  total  radical  population  which  is  determined  by  the  rates  of 
radical  creation  (initiation)  and  destruction  (termination).  We,  therefore, 
considered  the  termination  rate  constant  used  in  reaction  11  to  be  a  model  fitting 
parameter  which  was  varied  to  give  the  best  absolute  yields  for  our  simulations.  We 
have  monitored  the  relative  velocities  of  each  type  of  reaction  in  our  simulations 
and  have  concluded  that,  for  temperatures  less  than  1500  K,  the  free  radical  chain 
reactions  are  long  enough  to  minimize  the  errors  introduced  by  the  assumption  of  a 
single  recombination  rate.  We  have,  however,  developed  a  solution  technique  for  non¬ 
linear  radical  equations  which  does  not  require  this  assumption  in  order  to  extend 
our  model  to  higher  temperatures.  This  version  of  the  model  will  be  reported  on  in  a 
later  paper.  It  confirms  that  the  single  termination  rate  assumption  is  generally 
good  below  1500  K. 


Radical  Distributions  for  the  Large  Alkanes  and  Alkenes  -  One  of  the 
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difficulties  associated  with  extending  the  RKH  mechanism  to  describe  the  cracking  of 


long  chain  length  n-alkanest  Is  that  Increasing  numbers  of  radicals  must  be  included 


in  the  simulations.  For  example,  radicals  at  the  1  positions  of  alkanes  react 


differently  than  radicals  at  their  2  or  3  positions.  (See  reactions  13-30  of  Table 


I.)  Technically,  separate  radical  populations  should  be  kept  for  each  position  on 


each  alkane  and  alkene  included  in  the  simulation.  The  number  of  differential 


equations  which  must  be  solved  rapidly  proliferates  and  becomes  computationally 


unmanageable. 


To  avoid  this  problem,  we  have  included  one  alkyl  radical,  PR^,  and  one  alkenyl 


radical,  OR^,  for  each  hydrocarbon  chain  length,  i.  Included  in  the  simulation.  The 


distributions  of  radicals  over  the  various  carbons  in  each  of  these  species  are  given 


by  normalized  stoichiometric  coefficients,  Y^j  and  Z^j,  where  i  is  the  number  of 


carbons  and  j  is  the  location  on  the  chain.  For  example,  the  concentration  of 


radicals  on  the  1  position  of  an  alkyl  radical  with  chain  length  10,  1-PR^,  is 


written  in  terms  of  a  stoichiometric  coefficient  as  Y^q  j  PR^g.  Glven  values  for  Y^j 
and  Z^j,  reactions  13-30  describe  how  the  heavy  alkyl  and  alkenyl  radicals  decompose. 


(In  these  equations  0^  is  an  alkene  of  length  i  and  is  a  diene  of  length  i.) 


In  the  RKH  mechanism  the  equivalent  of  Y^j  coefficients  are  calculated  by: 


1)  statistically  abstracting  hydrogens  from  all  available  positions  on  the  alkane  and 


2)  assuming  all  radicals  formed  in  step  1  isomerize  through  6  member  transition 


states.  Since  it  is  known  that  secondary  hydrogens  are  more  easily  abstracted  than 


primary,  a  weighting  factor  of  exp(2/RT)  is  used  to  determine  the  radical 


distribution  between  primary  and  secondary  carbons.  Similarly,  a  weighting  factor  of 


exp(4/RT)  is  used  to  determine  the  redistribution  of  hydrogens  during  isomerization. 


A  very  lucid  description  of  the  calculation  of  Y^j  coefficients  in  the  RKH  model  is 


presented  in  the  appendix  of  Fabuss  et  al.  (7). 


The  problems  with  the  RKH  method  of  calculating  Y^j's  are  that:  all  radicals 


are  assumed  to  isomerlze,  only  source  terms  are  used  to  determine  radical 
populations,  and  the  relative  velocities  of  the  various  types  of  radical  reactions 
are  not  taken  into  account.  In  addition,  the  RKH  method  can  not  predict  changes  in 
the  relative  importance  of  reactions  as  temperatures  are  increased.  For  example. 
Isomerization  is  always  considered  to  be  infinitely  fast  relative  to  decompositions 
regardless  of  the  reaction  temperature.  To  Improve  upon  the  RKH  calculation,  we  have 
implemented  a  steady  state  solution  for  the  Y^j  and  Z^j  coefficients.  This  solution 
calculates  values  for  the  Y^j  and  Zjj  coefficients  by  balancing  the  source  and  loss 
terms  for  each  radical.  These  radical  distributions  can,  therefore,  change  with 
reaction  conditions  and  are  different  for  each  alkane  or  alkene  in  the  simulation. 

Summary  of  the  Solution  Procedure  -  The  method  of  solving  the  kinetic  equations 
of  Table  I  is  summarized  in  Fig.  1.  Initial  values  of  the  gas  concentrations,  Y^j 
and  Zjj  coefficients,  time  (t),  and  temperature  (T)  are  read  into  the  program  from  a 
data  file  (Step  1).  Next  the  steady  state  radical  populations  are  calculated  (Step 
2)  and  are  used  to  construct  velocities  for  the  gas  concentrations  (Step  3).  New 
values  of  the  radical  stoichiometric  coefficients  are  calculated  in  (Step  4)  using 
current  gas  and  radical  concentrations.  Finally,  gas  concentrations,  time  and 
temperature  are  updated  in  Step  5.  The  integration  is  continued  by  returning  to  the 
steady  state  calculation  of  radical  populations  in  Step  2  until  the  ending  time,  t^, 
is  reached.  The  initial  values  of  Y^j  and  Z^j  are  calculated  by  passing  through 
Steps  2,  3,  and  4  twenty  times  before  concentrations  are  changed  for  the  first  time 
in  Step  5.  Our  experience  has  been  that  once  correct  values  of  Y^j  and  Z^j  are 
calculated  at  the  beginning  of  a  simulation  they  change  very  slowly  as  the  gas 
concentrations  are  integrated. 

If  the  model  of  Table  I  were  solved  exactly  for  a  mixture  of  C20  alkanes,  coupled 
stiff  differential  equations  for  59  gases  (H2,  20  alkanes,  19  alkenes,  and  19  dienes) 
and  for  283  radicals  (H,  110  alkyl,  and  172  alkenyl)  would  have  to  be  solved.  The 


assumption*  of  steady  state  conditions  and  a  single  termination  rate  constant  reduce 
the  problem  to  59  coupled  nonstiff  differential  equations  for  the  gases,  a  quadratic 
equation  for  and  solution  of  a  system  of  282  linear  algebraic  equations  for 

the  radicals.  Introduction  of  the  and  coefficients  further  reduces  the 
algebraic  equations  to  a  system  of  40  linear  equations  for  the  radicals  (H,  20  alkyl, 
19  alkenyl)  and  iterative  solution  of  277  equations  for  the  Yjj's  and  Zij'8’  The  net 
effect  of  all  three  approximations  is  an  enormous  decrease  in  computer  run-times. 

The  simulations  presented  in  Figs.  3  and  4  for  hexadecane  and  Solpar  were  each 
carried  out  in  less  than  40  minutes  on  a  PDF  11/23  laboratory  minicomputer. 


Extensive  simulations  were  made  of  both  in-house  and  literature  data  to  test  the 
model  predictions.  In  this  paper,  selected  results  are  presented  for  simulation  of 
flow  reactor  data  for  pyrolysis  of  butane  (1373  K,  1  atm),  hexadecane  (866-977  K,  68 
atm)  and  Solpar  (1053  K,  1  atm.)  and  of  shock  tube  data  for  octane  pyrolysis  and 
hydropyrolysis  (1000-1500  K). 

Butane  -  Data  for  1373  K  butane  pyrolysis  was  obtained  in  our  laminar  entrained 
flow  reactor.  These  are  compared  with  the  model  in  Figs.  2a-f  for  the  major  gas 
species.  This  reactor  has  been  discussed  previously  (18).  It  consists  of  a  heat 
exchanger  and  test  section  contained  in  a  furnace.  An  inert  gas  stream  (N2  or  He)  is 
preheated  during  transit  through  the  heat  exchanger,  turns  through  a  D-tube  and 
enters  a  5  cm  diameter  test  section.  The  reactant  is  introduced  into  the  test 


section  at  variable  positions  through  a  movable  water  cooled  injector.  The  reacting 
stream  passes  optical  access  ports  for  an  FT-IR  beam  shortly  before  being  quenched  in 
a  water  cooled  collector.  The  pyrolysis  results  In  Fig.  2  are  plotted  against  the 
injector  height  above  the  optical  port.  The  butane  was  fed  at  2-3  g/mln  with  about 


1  g/min  of  nitrogen  carrier  (primary  gas).  Nitrogen  (secondary  gas)  was  fed  to  the 
heat  exchanger  at  27  standard  llters/min  to  provide  an  averaged  gas  velocity  of  1  m/s 
within  the  test  section.  The  initial  butane  concentration  (after  complete  mixing) 
was  2.4  x  10  ^  moles/liter.  The  residence  time  was  varied  from  60  to  600  msec.  The 
FT-IR  allows  data  to  be  obtained  on  gas  temperature  and  composition  as  discussed 
previously  (18). 

These  simulations  were  done  in  two  stages.  First  a  heat  transfer  model  was 
developed  to  predict  the  average  gas  temperature  at  the  window.  In  general,  the 
agreement  with  the  FT-IR  determined  temperature  was  within  20°C.  Next  the  heat 
transfer  model  was  incorporated  into  the  cracking  model  as  a  subroutine  which 
provided  an  updated  temperature  after  each  time  increment. 

The  agreement  between  the  data  and  cracking  model  predictions  in  Fig.  2  is 
generally  quite  good,  especially  at  the  shorter  injector  distances.  At  longer 
distances,  the  secondary  pyrolysis  reactions  (e.g.,  ethylene  to  acetylene  and 
acetylene  to  benzene)  become  important.  Based  on  Fig.  2a  and  the  temperature  model 
predictions,  it  appears  that  the  overall  cracking  rate  of  butane  is  too  high  at 
temperatures  above  1000°C.  This  point  is  discussed  further  below.  The  value  of  the 
termination  rate  constant  used  for  these  simulations  was  log^A  *  9.9. 

Hexadecane  -  In  Fig.  3  results  of  simulations  for  the  cracking  of  hexadecane  at 
68  atm.  of  pressure  are  presented.  These  are  compared  with  the  data  of  Fabass  and 
co-workers  (19).  for  carbon  number  distribution.  A  termination  rate  constant  of 
log^Q  A  "  10.9  was  used  for  these  simulations.  The  residence  times  were  chosen  to 
make  the  experimental  and  theoretical  extents  of  cracking  agree.  They  differ 
slightly  from  the  residence  times  calculated  by  Fabuss  and  co— workers  (19):  5.8, 

1.25,  and  5.0  s  for  runs  23,  24,  and  22  compared  with  5.8,  2.3,  and  6.5  reported  in 
their  paper.  Apparently,  at  high  extents  of  reaction  our  model  slightly  overpredicts 
the  overall  cracking  rate  of  hexadecane,  as  it  did  for  butane. 
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When  compared  at  equal  extents  of  reaction,  the  agreement  between  the 
theoretical  and  experimental  product  distributions  is  good:  for  low  extents  of 
reaction,  both  theory  and  experiment  show  relatively  large  concentrations  of  heavy 
alkanes  and  alkenes.  As  the  cracking  continues,  the  heavy  hydrocarbons  gradually 
disappear  until,  at  99.8Z  decomposition  (Figs*  3e  and  f),  the  concentrations  of 
alkanes  and  alkenes  bigger  than  Cj' s  are  almost  negligible.  For  low  extents  of 
reaction,  the  experimental  concentrations  of  Cj-Cg  alkanes  are  also  slightly  larger 
than  for  the  other  heavy  alkanes.  This  behavior  is  partially  reproduced  by  the 
simulations,  although  the  exact  shape  of  these  curves  is  not  predicted.  Finally,  for 
low  extents  of  reaction,  the  experimental  and  theoretical  methane  yields  are  smaller 
than  the  ethane  yields.  However,  as  more  high  molecular  weight  hydrocarbons 
decompose,  the  methane  yields  increase  and  overtake  the  ethane  yields. 

Despite  the  close  agreement  between  theory  and  experiment,  there  are  several 
systematic  discrepancies  evident  in  Fig.  3.  The  yields  of  ethane  are  always  too  low; 
methane  yields  are  reasonable  for  low  extents  of  reaction  but  are  too  low  for  the 
later  stages  of  decomposition;  and  as  cracking  proceeds,  the  yields  of  ethylene 
become  too  large  while  the  yields  of  propylene  become  too  small.  We  believe  that 
these  systematic  errors  are  partially  due  to  the  fact  that,  in  our  model,  large  dienes 
are  considered  to  be  inert  and  are  not  allowed  to  crack  into  smaller  gases.  (This 
restriction  was  made  in  order  to  reduce  the  number  of  radical  concentrations  and 
stoichiometric  coefficients  in  the  model.)  Therefore,  any  carbons  contained  in  these 
large  dienes  are  removed  from  the  yields  of  other  small  gases  such  as  methane  or 
ethane. 

Solpar  -  The  gas  phase  cracking  of  mixtures  of  heavy  alkanes  can  also  be 
simulated  using  the  mechanism  of  Table  1.  In  Fig.  4,  product  distributions  are 
presented  for  the  cracking  of  Solpar,  a  commercial  mixture  of  alkanes  containing  8.2X 
^14*  26. 5X  21.9Z  C16,  and  13.7Z  (20).  These  simulations  were  carried  out 
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isothermally  at  1053  K  for  residence  tines  of  78,  117,  and  192  ns.  For  these  runs, 
the  ternlnatlon  rate  constant  was  log^Q  A  “  9.7.  It  can  be  seen  that  calculated 
product  distributions  are  very  close  to  those  neasured  experimentally.  In  addition, 
the  theoretical  residence  times  are  almost  exactly  the  values  calculated  by  Billaud 
and  Freund  (20).  A  slight  discrepancy  is  evident,  however,  in  the  yields  for 
propylene  and  possibly  butene.  As  in  the  case  of  hexadecane  cracking,  these  errors 
are  probably  due  to  the  excessive  formation  of  dienes. 

Octane  -  In  Fig.  5,  data  for  major  species  from  the  shock  tube  pyrolysis  of 
octane  (Doolan  and  Mackie  (21))  are  compared  with  predictions  from  the  hydrocarbon 
cracking  model.  The  time  for  these  simulations  was  3.0  ms  at  the  finish  and  the 
termination  rate  constant  was  log^Q  A  -  10.9.  It  can  be  seen  that  the  onset  of 
pyrolysis  is  correctly  predicted  and  that  the  curve  shapes  are  correct  for  most  of 
the  gases.  The  heights  of  the  curves  are  also  reasonable  for  product  concentrations 
varying  from  4.0  x  10  ^  moles/liter  up  to  8.0  x  10-^  moles/liter.  However,  several 
disagreements  between  theory  and  experiment  are  also  evident  in  these  figures:  1) 
the  concentration  curve  for  octane  falls  off  too  rapidly  at  the  higher  temperatures; 
2)  acetylene,  butadiene,  and  methane  yields  are  underestimated  at  high  temperatures. 
The  latter  model  errors  are  worse  at  higher  temperatures  where  a  large  portion  of  the 
octane  has  been  consumed  and  there  are  appreciable  concentrations  of  heavy  alkenes 
and  light  gases  such  as  methane,  ethylene,  propylene,  and  propane.  This  is  the 
regime  where  the  initial  pyrolysis  products  begin  to  crack.  These  discrepancies  at 
higher  temperatures  can  probably  be  attributed  to  the  model’s  treatment  of  the 
secondary  pyrolysis  reactions,  which  is  incomplete  at  this  stage.  One  group  of 
reactions,  which  is  missing  from  Table  I  and  may  be  important  is  Diels-Alder 
additions.  In  these  reactions  ethylene  and  propylene  are  thought  to  react  with 
dienes  to  form  Cg  cyclic  compounds  (20,22)  which  are  precursors  for  benzene,  toluene, 
and  soot.  We  are  currently  working  to  Include  some  of  these  reactions  in  the 


mechanism  of  Table  I 


Doolan  and  Mackie  also  collected  shock  tube  data  for  the  hydropyrolysis  of 
octane  in  a  50:50  atmosphere  of  Ar  and  H2  (21).  Their  data  and  our  simulations  are 
shown  in  Fig.  6.  Once  again  the  onset  of  pyrolysis  is  correctly  predicted,  the  curve 
shapes  are  reasonable,  and  overall  product  yields  are  fairly  accurate  over  two  orders 
of  magnitude  in  concentration.  However,  similar  discrepancies  as  in  the  pyrolysis 
case  are  observed  at  the  higher  temperatures. 

Cracking  of  Octane  with  Modified  Bate  Constants  -  From  the  comparisons  of  data 
and  simulations  in  Figs.  2-6,  it  was  found  that  consumption  of  heavy  alkanes  and 
alkenes  is  too  fast  at  the  higher  temperatures.  The  simulations  in  Figs.  2-6  used 
rate  constants  which  were  either  given  in  Allara  and  Shaw  or  were  very  slightly 
modified  from  their  values.  Since  their  rate  constants  are  supposed  to  be  valid  at 
700-800  K,  it  is  not  surprising  that  they  are  in  error  at  temperatures  as  high  as 
1470  K.  It  seems  reasonable  to  require  that  all  the  rate  constants  altered  to  better 
fit  experiments  should  also  equal  the  Allara  and  Shaw  rates  at  700  K,  i.e.,  changes 
in  the  activation  energies  are  coupled  to  changes  in  the  frequency  factors  so  that 
the  rates  at  700  K  are  fixed. 

Analysis  of  the  rate  of  formation  and  loss  of  octyl  radicals  has  shown  that,  at 
1400  K  under  shock  tube  conditions,  octane  is  mainly  lost  by  initiation  reactions  and 
not  by  hydrogen  abstractions.  The  too  rapid  rate  of  cracking  observed  in  our 
simulations  could,  therefore,  be  due  to  an  error  in  the  initiation  rates  for  large 
alkanes  (reactions  5  and  6).  When  these  rate  constants  were  reduced  in  size  at  1400 
K  (logj^Q  ^5  “  15.9,  E5  ■  82.3;  log^Q  Ag  ■  15.1,  Eg  ■  76.3),  dramatically  better 
experimental  fits  for  octane  cracking  were  obtained,  as  shown  in  Fig.  7.  The 
resulting  rates  agree  with  the  Allara  and  Shaw  values  at  700  K  but  are  about  four 
times  slower  at  1400  K.  They  are  very  close  to  the  values  reported  by  Doolan  and 
Mackie  (21)  for  their  modeling  of  this  shock  tube  data  (log^Q  A  ■  15.3,  E  ■  77.6). 


Improved  results  were  also  obtained  for  butane  pyrolysis  at  1373  K.  Hovever,  it  was 
found  that  if  these  same  changes  were  made  for  the  lower  temperature  cracking 
experiments  (hexadecane  and  Solpar)  the  overall  rate  was  too  high  at  the  lowest 
temperatures*  Consequently,  further  adjustment  and  comparisons  with  additional  data 
will  be  required  to  fix  these  values. 

In  the  new  simulations  (Fig.  7),  the  termination  rate  constant  giving  the  best 
result  was  log10  A  “  10.1,  which  is  also  closer  to  the  value  for  CH3  radical 
(log^Q  A  =■  10.3).  Ue  are  continuing  our  efforts  to  identify  and  adjust  the  key  rate 
constants  of  Table  I  in  order  to  obtain  better  fits  for  experimental  data  at  high 
temperatures  and  high  extents  of  reaction. 


CONCLUSIONS 


Based  upon  the  simulations  discussed  in  this  paper,  it  appears  that  the  model  of 
Table  I  is  a  valid  extension  of  the  RKH  mechanism  to  higher  temperatures  and  higher 
extents  of  reaction.  The  cracking  of  butane  at  1373  K  was  well  predicted  (Fig.  2). 
The  high  pressure  cracking  of  hexadecane  was  accurately  simulated  over  the 
temperature  range  866-977  K  with  up  to  80X  cracking  (Fig.  3).  The  cracking  of  a 
complex  mixture  of  C^-C^  alkanes  at  1053  K  was  also  predicted  for  high  extents  of 
reactions  (Fig.  4).  In  addition,  simulations  for  the  shock  tube  pyrolysis  and 
hydropyrolysis  of  octane  are  reasonably  accurate  up  to  approximately  1400  K 
(Figs.  5-7).  We,  therefore,  conclude  that  1)  the  mechanism  used  to  treat  the  initial 
pyrolysis  of  high  molecular  weight  alkanes  is  correct  and  2)  simulations  for  the 
cracking  of  mixtures  of  n-alkanes  (containing  up  to  twenty  carbons)  should  be 
accurate  at  temperatures  up  to  approximately  1400  K. 

Several  model  deficiencies  are  also  apparent  in  these  simulations:  1)  the 
overall  cracking  rate  is  too  high  above  1000  K;  2)  the  mechanisms  for  the  creation 
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R  -  alkyl  or  alkenyl  groups  or  radicals 


Pj  -  an  alkane  of  chain  length  1 


0^  -  an  alkene  of  chain  length  1 

-  a  diene  of  chain  length  1 

PRj  -  the  group  of  alkyl  radicals  with  chain  length  1 

0R^  -  the  group  of  alkenyl  radicals  with  chain  length  1 

j-PRj  -  a  radical  at  the  jth  position  of  an  alkane  with  chain  length  1 

j-OR^  -  a  radical  at  the  jth  position  of  an  alkene  with  chain  length  1 

s-PR^  -  the  group  of  radicals  on  the  secondary  carbons  of  an  alkane  with  chain  length  1 

-  the  fraction  of  radicals  on  an  alkane  with  chain  length  1  which  are  found 
on  the  jth  carbon 

Zjj  -  the  fraction  of  radicals  on  an  alkene  with  chain  length  1  which  are  found  on 
the  jth  carbon 

Rtotal  “  the  total  concentration  of  radicals  in  the  model 
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FIGURE  CAPTIOHS 


Figure  1.  Solution  Procedure  for  Hydrocarbon  Cracking  Model. 

Figure  2.  Product  Composition  Profiles  for  Butane  Pyrolysis  in  an  Entrained 

Flow  Reactor  at  a  Maximum  Furnace  Temperature  of  1373  K.  Solid  Lines 
are  Model  Predictions.  Symbols  are  Experimental  Data.  Conditions: 
Nitrogen  Carrier,  Average  Gas  Velocity  -  1  m/sec.  Pressure  ■  1  atm. 
Concentration  -  2.4  x  10~4  moles/liter. 

Figure  3.  Paraffin  and  Olefin  Carbon  Number  Distribution  from  the  Thermal 
Cracking  of  Hexadecane  at  68  atm.  (19).  Symbols:  (•)  - 
Experimental  Data;  (T)  -  Predictions  of  Cracking  Model.  Solid  Lines 
Connect  Model  Predictions.  Experimental  Conditions: 

Run  #22  -  Temp.  *  977  K,  Time  -  6.5  s.  Amount  Cracked  ■  97.1  wtZ; 

Run  #23  -  Temp.  «  866  K,  Time  -  5.83  s.  Amount  Cracked  ■  29.6  wtZ; 

Run  #24  -  Temp.  *  922  K,  Time  »  2.3  s.  Amount  Cracked  ■  41.6  wtZ. 

The  Predicted  Amounts  Cracked  were  99.8,  30.7  and  43.6  wtZ, 
Respectively.  The  Residence  Times  used  for  the  Simulations  were  5.0, 
5.8,  and  1.25  s.  Respectively. 

Figure  4.  Paraffin  and  Olefin  Carbon  Number  Distribution  from  the  Thermal 

Cracking  of  Solpar  (A  Commercial  Mixture  of  C^2  “  C^g  n-alkanes). 
Symbols:  (•)  -  Experimental  Data  from  Ref.  20;  (T)  -  Prediction  of 

Cracking  Model.  Solid  Lines  Connect  Model  Predictions.  Experimental 
Conditions:  Run  #1  -  Temp.  -  1053  K,  Time  -  80  ms,  Amount  Cracked  * 

75.8  wtZ;  Run  #2  -  Temp.  *  1053  K,  Time  «  108  ms.  Amount  Cracked  - 

75.8  wtZ.  Run  #3  -  Temp.  -  1053  K,  Time  ■  188  ms.  Amount  Cracked  » 

92.8  wtZ.  The  Residence  Times  Input  to  the  Model  were  78,  117,  and 
192  ms.  Respectively.  All  runs  were  done  in  Steam  at  Slightly  above 
1  atm.  Pressure. 

Figure  5.  Product  Composition  Profiles  for  Shock-Tube  Pyrolysis  of  Octane. 

Symbols:  (E)  -  Experimental  Data  from  Ref.  21;  (T)  -  Predictions 

of  Cracking  Model.  Solid  Lines  Connect  Model  Predictions. 
Experimental  Conditions:  Time  *  3  ms,  Initial  Concentration  ■ 

3.3  x  10”  Moles/Liter  in  Argon. 

Figure  6.  Product  Composition  Profiles  for  Shock-Tube  Hydropyrolysis  of  Octane 
in  50  Mole  Z  H2>  Symbols:  (E)  ~  Experimental  Data  from  Ref.  21; 

(T)  -  Predictions  of  Cracking  Model.  Solid  Lines  Connect  Model 
Predictions.  Experimental  Conditions:  Time  ■  3  ms.  Initial 
Concentration  ■  3.3  x  10”  Moles/Liter  in  50/50  Argon/^. 

Figure  7.  Product  Composition  Profiles  for  Shock-Tube  Pyrolysis  of  Octane  Using 
Modified  Initiation  Rates.  Symbols:  (E)  -  Experimental  Data  from 
Ref.  21;  (T)  -  Predictions  of  Cracking  Model.  Solid  Lines  Connect 
Model  Predictions.  Experimental  Conditions:  Time  •  3  ms,  Initial 
Concentration  -  3.3  x  10-4  Moles/Liter  in  Argon. 
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Figure  1.  Solution  Procedure  for  Hydrocarbon  Cracking  Model 
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Figure  2.  Product  Composition  Profiles  for  Butane  Pyrolysis  in  an  Entrained 

Flow  Reactor  at  a  Maximum  Furnace  Temperature  of  1373  K.  Solid  Lines 
are  Model  Predictions.  Symbols  are  Experimental  Data.  Conditions: 
Nitrogen  Carrier,  Average  Gas  Velocity  ■  1  m/sec,  Pressure  **  1  atm. 
Concentration  ■  2.4  x  10”  moles/liter. 
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Figure  3.  Paraffin  and  Olefin  Carbon  Number  Distribution  from  the  Thermal 
Cracking  of  Hexadecane  at  68  atm.  (19).  Symbols:  (•)  - 
Experimental  Data;  (T)  -  Predictions  of  Cracking  Model.  Solid  Lines 
Connect  Model  Predictions.  Experimental  Conditions: 

Run  #22  -  Temp.  -  977  K,  Time  -  6.5  s,  Amount  Cracked  -  97.1  vtX; 

Run  #23  -  Temp.  -  866  K,  Time  -  5.83  s,  Amount  Cracked  -  29.6  vtX; 

Run  #24  -  Temp.  =  922  K,  Time  -  2.3  s,  Amount  Cracked  -  41.6  vtX. 

The  Predicted  Amounts  Cracked  were  99.8,  30.7  and  43.6  wtX, 

Respectively.  The  Residence  Times  used  for  the  Simulations  were  5.0, 
5.8,  and  1.25  s,  Respectively. 
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Figure  4.  Paraffin  and  Olefin  Carbon  Number  Distribution  from  the  Thermal 

Cracking  of  Solpar  (A  Commercial  Mixture  of  C^  ~  C^g  n-alkanes). 
Symbols:  (•)  -  Experimental  Data  from  Ref.  20;  (T)  -  Prediction  of 

Cracking  Model.  Solid  Lines  Connect  Model  Predictions.  Experimental 
Conditions:  Run  #1  -  Temp.  -  1053  K,  Time  ■  80  ms,  Amount  Cracked  » 

75.8  wtX;  Run  #2  -  Temp.  ■  1053  K,  Time  ■  108  ms.  Amount  Cracked  “ 

75.8  wtX.  Run  #3  -  Temp.  •  1053  K,  Time  ■  188  ms.  Amount  Cracked  ■ 

92.8  wtX.  The  Residence  Times  Input  to  the  Model  were  78,  117,  and 
192  ms,  Respectively.  All  runs  were  done  in  Steam  at  Slightly  above 
1  atm.  Pressure. 
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Figure  5.  Product  Composition  Profiles  for  Shock-Tube  Pyrolysis  of  Octane. 

Symbols:  (E)  -  Experimental  Data  from  Ref.  21;  (T)  -  Predictions 

of  Cracking  Model.  Solid  Lines  Connect  Model  Predictions. 


Experimental  Conditions:  Time  ■  3  ms,  Initial  Concentration  ■ 
3.3  x  10  Moles/Liter  in  Argon. 
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Figure  7.  Product  Composition  Profiles  for  Shock-Tube  Pyrolysis  of  Octane  Using 
Modified  Initiation  Rates.  Symbols:  (E)-  Experimental  Data  from 
Ref.  21;  (T)  -  Predictions  of  Cracking  Model.  Solid  Lines  Connect 
Model  Predictions.  Experimental  Conditions:  Time  ■  3  ms,  Initial 
Concentration  ■  3.3  x  10  Moles/Liter  in  Argon. 


